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Systems Genetics and Systems Biology Analysis of Paraquat Effects in BXD
Recombinant Inbred Mice
Abstract
Paraquat (PQ) is a chemical herbicide that is used in many countries including the United States. It is also
highly acutely toxic to humans and has been used as a means of suicide. As PQ is applied mainly in
agricultural settings, it moves to soil and well water. Chronic low dose exposure via drinking water may
have adverse effects on humans, including increased risk for sporadic Parkinson’s disease (sPD). The
etiology of sPD is unclear and the most accepted hypothesis states it is the result of the interaction
between environmental factors and genetic susceptibility. Increasing evidence led us to infer a
relationship between iron metabolism in the brain, environmental toxicants like paraquat, and sPD. Our
hypothesis is that variable genetic factors contribute to differential paraquat-induced iron
dyshomeostasis which causes neural toxicity by producing free oxygen radicals and by other
mechanisms that need to be characterized. We demonstrated here that paraquat can enter the brain and
its variable cerebellar level is a result of strain and dose. This fact may contribute to set the environment
to paraquat neurotoxicity through complex pathways. In this work, genetic mapping of the phenotypes
revealed significant quantitative trait loci (QTL) for iron (Chr5 @ 24Mb, LOD 4.09), in which genes fall
within distinct categories including iron ion homeostasis, iron ion import into cell, serine/threonine kinase
activity, cellular sodium ion homeostasis, positive regulation of neuron death, among others. From the
gene network, we inferred that paraquat affected not only iron regulation but also kinase activity. From the
genetic mapping of proinflammatory cytokines, we obtained a QTL in Chr9 for Il-1β. Within this locus, we
found a gene that has been related to risk for neurodegeneration, such as Myelin-associated
oligodendrocytic basic protein (Mobp), and the Rpl14 gene, which encodes a ribosomal protein that is a
component of the 60S subunit and has been related to paraquat exposure. Additionally, our work supports
the idea that PQ does not necessarily activate microglia but produces other effects that lead to microglial
activation. First in the chain, it must be PQ internalization to neurons (DA and non-DA) which will generate
intracellular redox cycling, ROS, iron dyshomeostasis, and subsequent cell death. Following on the
nomination of suggestive genes here, we are investigating paraquat effects on neuronal injury in
substantia nigra in a subset of the BXD panel using immunohistochemistry. Thus, the approach would be
to do an unbiased quantification of the number of tyrosine hydroxylase positive (TH+) cells in the SNpc in
a subset of the BXD panel exposed to paraquat or saline. The hypothesis is that the strains showing the
highest response to PQ (from this work) will show the greatest loss of tyrosine hydroxylase staining in the
SNpc. This will allow us to compare our metal phenotypes in VMB, especially iron, with TH+ counts
phenotypes and determine if there is a direct relationship among them and validate or complement our
group of genes already determined in this work. The results reported here showed the heuristic value of
systems genetics and systems biology approach in the complexity of neurotoxicology and provides
clarification of pathways that may underlay sPD pathogenesis.
Abstract (Spanish) El paraquat (PQ) es un herbicida que se utiliza en muchos países, incluyendo Estados
Unidos. También es muy tóxico para los humanos y se ha utilizado como medio de suicidio. El PQ se
aplica principalmente en entornos agrícolas donde se traslada al suelo y al agua de estanques. La
exposición crónica a bajas dosis a través del agua potable puede tener efectos adversos en los seres
humanos, incluido un mayor riesgo de Enfermedad de Parkinson esporádica (EPs). La etiología de la EPs
no es evidente y la hipótesis más aceptada establece que es el resultado de la interacción entre factores
ambientales y susceptibilidad genética. La creciente evidencia nos llevó a inferir una relación entre el
metabolismo del hierro en el cerebro, tóxicos ambientales como el paraquat y EPs. De esta manera,
nuestra hipótesis es que factores genéticos variables contribuyen a la dishomeostasis del hierro
diferencial inducida por el paraquat que causa toxicidad neuronal al producir radicales libres y por otros
mecanismos que necesitan ser caracterizados. Demostramos en este trabajo que el paraquat puede

ingresar al cerebro, con concentración variable y es el resultado de la composición genética de las sepas
de ratones y de la dosis de PQ. Este hecho puede contribuir a configurar el entorno para la neurotoxicidad
del paraquat a través de vías complejas.
En este trabajo, el mapeo genético de los fenotipos reveló un loci de rasgos cuantitativos (QTL)
significativos para el hierro (Chr 5 @ 24Mb, LOD 4.09), en los que los genes se encuentran dentro de
distintas categorías que incluyen homeostasis de iones de hierro, importación de iones de hierro a la
célula, serina / treonina con actividad quinasa, homeostasis del ión de sodio celular, regulación positiva
de la muerte neuronal, entre otros. De la red genética, podemos inferir que el paraquat está afectando no
solo la regulación del hierro sino también la actividad de las quinasas. A partir del mapeo genético de
citocinas proinflamatorias, obtuvimos un QTL en el Chr9 para Il-1β. Dentro de este locus, encontramos un
gen que se ha relacionado con el riesgo de neurodegeneración, como la proteína básica oligodendrocítica
asociada a mielina (Mobp), y el gen Rpl14, que codifica una proteína ribosómica que es un componente
de la subunidad 60S, estos genes han sido antes relacionados con la exposición al paraquat. Además,
nuestro trabajo apoya la idea de que PQ no necesariamente activa las microglías, sino que produce otros
efectos que conducen a la activación de las microglías. Primero en la cadena, debe ser la internalización
de PQ a las neuronas (DA y no DA) lo que generará el ciclo intracelular de reducción-oxidación,
dishomeostasis del hierro y la posterior muerte celular. Siguiendo la nominación de genes sugestivos
aquí, estamos investigando los efectos del paraquat sobre la lesión neuronal en la substantia nigra en un
subconjunto del panel BXD utilizando inmunohistoquímica. Por tanto, el enfoque sería realizar una
cuantificación imparcial del número de células positivas para tirosina hidroxilasa (TH+) en la SNpc en un
subconjunto del panel BXD expuesto a paraquat o a solución salina. Nuestra hipótesis es que las cepas
que muestren la respuesta más alta a PQ (en el presente trabajo) mostrarán la mayor pérdida de tinción
de tirosina hidroxilasa en el SNpc. Esto nos permitirá comparar nuestros fenotipos de hierro en el cerebro
medio ventral con fenotipos de conteos TH+ y determinar si existe una relación significativa entre ellos y
validar o complementar nuestro grupo de genes ya determinados en este trabajo. Los resultados
presentados aquí muestran el valor heurístico del enfoque de la genética y biología de sistemas en la
complejidad de la neurotoxicología y proporcionan una aclaración de las vías que pueden subyacer a la
patogénesis de la EPs.
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Abstract

Carolina Del Valle Torres Rojas
Systems Genetics and Systems Biology Analysis of Paraquat Effects
in BXD Recombinant Inbred Mice
Paraquat (PQ) is a chemical herbicide that is used in many countries including the
United States. It is also highly acutely toxic to humans and has been used as a means of
suicide. As PQ is applied mainly in agricultural settings, it moves to soil and well water. Chronic low dose exposure via drinking water may have adverse effects on humans,
including increased risk for sporadic Parkinson’s disease (sPD). The etiology of sPD is unclear and the most accepted hypothesis states it is the result of the interaction between
environmental factors and genetic susceptibility. Increasing evidence led us to infer a relationship between iron metabolism in the brain, environmental toxicants like paraquat, and
sPD. Our hypothesis is that variable genetic factors contribute to differential paraquatinduced iron dyshomeostasis which causes neural toxicity by producing free oxygen radicals and by other mechanisms that need to be characterized. We demonstrated here that
paraquat can enter the brain and its variable cerebellar level is a result of strain and dose.
This fact may contribute to set the environment to paraquat neurotoxicity through complex
pathways.
In this work, genetic mapping of the phenotypes revealed significant quantitative
trait loci (QTL) for iron (Chr5 @ 24Mb, LOD 4.09), in which genes fall within distinct categories including iron ion homeostasis, iron ion import into cell, serine/threonine kinase
activity, cellular sodium ion homeostasis, positive regulation of neuron death, among others. From the gene network, we inferred that paraquat affected not only iron regulation
but also kinase activity. From the genetic mapping of proinflammatory cytokines, we obtained a QTL in Chr9 for Il-1β. Within this locus, we found a gene that has been related
to risk for neurodegeneration, such as Myelin-associated oligodendrocytic basic protein
(Mobp), and the Rpl14 gene, which encodes a ribosomal protein that is a component of the
60S subunit and has been related to paraquat exposure. Additionally, our work supports
the idea that PQ does not necessarily activate microglia but produces other effects that lead
to microglial activation. First in the chain, it must be PQ internalization to neurons (DA
and non-DA) which will generate intracellular redox cycling, ROS, iron dyshomeostasis,
and subsequent cell death. Following on the nomination of suggestive genes here, we

v
are investigating paraquat effects on neuronal injury in substantia nigra in a subset of the
BXD panel using immunohistochemistry. Thus, the approach would be to do an unbiased
quantification of the number of tyrosine hydroxylase positive (TH+) cells in the SNpc in a
subset of the BXD panel exposed to paraquat or saline. The hypothesis is that the strains
showing the highest response to PQ (from this work) will show the greatest loss of tyrosine
hydroxylase staining in the SNpc. This will allow us to compare our metal phenotypes in
VMB, especially iron, with TH+ counts phenotypes and determine if there is a direct relationship among them and validate or complement our group of genes already determined
in this work. The results reported here showed the heuristic value of systems genetics and
systems biology approach in the complexity of neurotoxicology and provides clarification
of pathways that may underlay sPD pathogenesis.
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Chapter 1
Introduction

Paraquat (PQ) is a chemical herbicide that is used in many countries including the US. It is
also highly acutely toxic to humans and has been used as a means of suicide. PQ-related
suicides have been reported in China, Samoa, Southern Trinidad, and others. There are
no specific antidotes for PQ poisoning, though, fuller’s earth or charcoal can be effective if
administered on time. In cells, PQ is found in cytoplasm and in extracellular space. As PQ
is applied mainly in agricultural settings, it moves to soil and well water. Chronic low dose
exposure via drinking water may have adverse effects in humans, including increasing risk
for sporadic Parkinson’s disease (sPD) (Jiménez-Jiménez, Mateo, and Giménez-Roldán,
1992). In the following sections we show the characteristics of this chemical, and its implication for agriculture and health. More interestingly, we compile current work about its
regulation, methods for detection, and residue mitigation. We balance the thought of possible consequences from its tentative prohibition in developing countries and the evidence
of new technologies for its better control and effects mitigation. Finally, we introduce the
modeling of genetic diversity in neurotoxicology and present the hypothesis and specific
aims on which we based this investigation.

1.1

Paraquat History and Structure

1,1’-Dimethyl-4,4’-bipyridinium or as it is known by the popular trade name Paraquat
(PQ) is an organic cation with the formula C12 H14 Cl2 N2 Figure 1.1. PQ was first described
in 1882 but its herbicidal effects were discovered in the early 1950s by chemist Roger Jeater
from the Imperial Chemicals Industry United Kingdom based laboratories. PQ is corrosive
to metals and its dichloride form is a component of herbicides. Its mode of action is as an
oxidant that interferes with electron transfer. In vivo, paraquat produces reactive oxygen
species such as superoxide, it undergoes redox cycling and is reduced by an electron donor
such as nicotinamide adenine dinucleotide phosphate or NADPH before being oxidized
by dioxygen, which is an electron receptor, to finally produce superoxide (Klaassen, 2008).
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Figure 1.1: Chemical structure of paraquat dichloride. Used with public
domain permission: Paraquat 200.svg. (2014) in
https://commons.wikimedia.org/wiki/File:Paraquat_200.svg

1.2

Paraquat in Agriculture

The use of paraquat in agriculture is extensive because it is a quick-acting and non-selective
herbicide. The use of this herbicide has brought a big benefit at great scale through increasing per capita availability of food thus lowering famine, and the cost of food. The way it
acts is through inhibiting photosynthesis, this is by accepting electrons from ferredoxin
and transferring them to molecular oxygen, in this way, reactive oxygen species (ROS) are
produced. By forming these ROS the oxidized form of PQ is regenerated and the cycle
is restarted. In this manner, PQ protects crops by controlling wide range of weeds that
reduce yield and quality when they compete with the crop for water, nutrients, space, and
light (Klaassen, 2008). Moreover, it does not harm mature bark. The manufacture and
distribution of this chemical started in 1962 by Imperial Chemical Inc.
According to its vendors, Paraquat has been sold to millions of farmers across the
world for 40 years. Despite recent prohibitions, paraquat is still registered and sold in
countries of Central and South America, and in USA, Australia, Japan, New Zealand,
among others. In the USA, Paraquat is a restricted use pesticide; therefore, there are no
paraquat products registered for homeowner use and no products registered for application to residential areas.
In 2007, the European Court of First Instance revoked the authorization to paraquat
as an active ingredient of herbicides, due to the failing of following procedural requirements. The concern was that there are evidences for Paraquat exposure as risk for sPD.
There is evidence to suggest other risk to human health, and health of wildlife.
In Great Britain and France there have been recorded instances of toxicity in mammals after paraquat spraying (Ecological effects branch review, US-EPA archive document,
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1985). Paraquat is banned in the European Union and China and is in process of complete
phaseout in Brazil. It is currently approved in USA (Donley, 2019).
Data about residues from leaves for paraquat have not been submitted yet to regulatory agencies; however, a study is required to refine occupational post-application risks
for each crop where paraquat is used. In October 2019, the US Environmental Protection
Agency (EPA) initiated an important step in the regulatory review of paraquat concerning
to human health and ecological risk assessments. EPA will determine if additional risk
mitigation measures are necessary for paraquat registration update.
There is a controversy about whether paraquat remains in water and soil. However,
researchers have determined that paraquat can remain in soil up to about 6 years (reviewed
in Y. Huang et al., 2019). Although paraquat is safe for plant roots and soil microorganisms its long-term exposure results in biomagnification that can be harmful to humans and
other animals (Frimpong et al., 2018). Also, paraquat residues in soil surface and aquatic
environments from extensive applications may enter the food chain (Pateiro-Moure et al.,
2009).
Moreover, there are several efforts dedicated to improving the techniques for determination of paraquat in substances such as water, soil, juice, corn, potatoes, onions, fish,
etc. Authors are introducing and testing electrodes (Pourakbari, Aliakbar, and Sheykhan,
2020) and mesoporous silica thin film modified glassy carbon electrodes for rapid and
sensitive detection of PQ (Nasir et al., 2018), biosensors (Tucci et al., 2019), optical immunosensors based on White Light Reflectance Spectroscopy (Stavra et al., 2018), among
others.
In nature, paraquat degradation by bacteria consists of demethylation of the parent
molecule and cleavage of one of the heterocyclic rings to form the carboxylated N-methylpyridinium ion. Paraquat is broken down photochemically by sunlight into N-methyl
betaines of iso-nicotinic acid and methylamine, mainly if it is on the plant surface and in
solution. Some paraquat degradation products have been reported, such as: 1-methyl4-carboxypyridinium ion, methylamine hydrochloride, dipyridone, monopyridone, and
14CO2 in Lock and Wilks, 2010; S. J. Lee, Katayama, and Kimura, 1995; Food and Agriculture
Organization of the United Nations: Paraquat Toxicology 2020.
Researchers are proposing ways of paraquat degradation to decrease the risk of
biomagnification without stopping its use, as microorganisms utilize chemical pollutants
as a carbon or energy source degrading them into ammonia, carbon dioxide, and water
(González-Márquez et al., 2019; Alexander, 1999). Combining various strains of bacteria
could produce better degradation (reviewed in Y. Huang et al., 2019); however, this would
need to be very well evaluated to not overwhelm the naturally occurring microorganism
populations.
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Another alternative through which adverse effects of paraquat might be mitigated
is by using carrier nanoparticles in which paraquat can be encapsulated without compromising its herbicidal activity. Initial tests and measurements resulted in less toxicity in
alveolar and mouth cell lines, resulted in lower mutagenicity in Salmonella typhimurium
strain model, and decreased contaminating properties in soil sorption in maize and mustard (Rashidipour et al., 2019).
In a coffee production area of Brazil, in Espírito Santo State (the second Brazilian
producer of coffee), paraquat dichloride and other pesticides were found at potentially
toxic concentrations in a hydrographic basin, ranging from 123.40 µg/l to 0.14 µg/l, which
are higher than the safety standard for potable water (0.1 µg/l), implicating that local residents and environment may be at high risk of exposure, when these active ingredients are
used next to surface water or groundwater (Queiroz et al., 2018).
There is a potential exposure to paraquat from scouting activities (when identifying
weeds before planting the seeds and controlling them before they reach four inches tall to
eliminate yield loss). Paraquat residues were present up to 3-4 weeks following application in cotton seed, cotton gin byproducts, wheat grain, wheat hay, heat forage, soybean
forage, soybean hay, and soybean seed. This was considered relevant by the US Environmental Protection Agency (EPA). Figure 1.2A depicts the estimation of annual agricultural
paraquat use in US counties through 2016, Estimates of pesticide use or Epest-low method
incorporates proprietary surveyed rates for Crop Reporting Districts (CRDs), assuming
zero use in the CRD for paraquat-by-crop combination. Figure 1.2B shows the estimated
use in millions of pounds by year and crop, we can see that from 2010 there is a tendency
to increase the use of paraquat with soybeans, cotton, orchards and grapes as the major
sprayed crops.

1.3

Paraquat and Health

The permissible limits of paraquat in drinking water are up to 200 µg/l (https://archive.
epa.gov/pesticides/reregistration/web/pdf/0262red.pdf; U.S. Environmental Protection Agency, 1988). The acceptable daily intake (ADI) is 0–0.005 mg/kg bw, and the calculated international estimated daily intakes were 2–5% of the ADI. The 2003 FAO/WHO
meeting on pesticides residues concluded that the intake of residues of paraquat resulting
from uses considered by the current Joint Meeting on Pesticide Residues was unlikely to
present a public health concern (Yamada, 2020). Applicators would exhibit more of the
acute effects and chronic low dose exposure (drinking water) is probably more relevant to
Parkinson’s disease (PD). Case-control studies have reported that individuals with genetic
variation in dopamine transporter (DAT, SLC6A) have higher risk of PD when exposed
to paraquat (Ritz et al., 2009). Another study provided evidence that exposure to a combination of paraquat and maneb from agricultural applications in the Central Valley of
California increases the risk of PD, particularly in younger subjects and/or with early age
exposure (Costello et al., 2009).
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Figure 1.2: Paraquat use in agricultural settings. A) US map showing
estimated pesticide use on agricultural land in pounds per square mile
through 2016. B) Estimated paraquat use in million pounds by year and
crop. Used with public domain permission in
http://water.usgs.gov/nawqa/pnsp/usage/maps/show_map.php?year=
2016&map=PARAQUAT&hilo=L&disp=Paraquat

Others have shown that PQ has an immunosuppressive effect in vivo, by increasing the expression of metallothionein-1 (MT-1) in several organs including liver, kidneys,
and testes. Also, PQ reduced free zinc ions in sera and free intracellular zinc, and reduced
the expression of a zinc-finger transcription factor (GATA-3) that is important for the maturation of T-cells and NK cells (J. H. Lim et al., 2015). Paraquat is irritating to mucous
membranes and can cause pulmonary fibrosis (Guo et al., 2015).
Paraquat was detected in the urine of women at 28 weeks of pregnancy, delivery
and 2 months postpartum, and in the meconium of neonates. Among the factors predicting paraquat exposures in pregnant women and neonates were working outside, having
family members who work on a farm, living near farmland, drinking well water, and using
herbicides or paraquat (Konthonbut et al., 2018).
The use of personal protective equipment (PPE) is important to low the risk of exposure and so health problems (Barrón Cuenca et al., 2020). A study by Quinteros et al., 2017,
described different types of exposure to pesticides in a rural area close to a factory of pesticides in Loma del Gallo, El Salvador. The most used active ingredient was paraquat and
82% of the farmers did not use personal protective equipment. Additionally, they detected
arsenic and cadmium in samples from surface and ground water. Thus, this population
has been exposed to toxic residues for several years.
Animal studies had led to the unraveling of paraquat toxicodynamics and toxicokinetics. Paraquat is not efficiently absorbed from the gastrointestinal tract although
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its absorption may be facilitated in the small intestine (Heylings, 1991). Inhaled PQ in
rat induced learning and memory impairment as well as lung inflammation and oxidative stress (Heydari et al., 2019). Oral exposure of paraquat in drinking water triggered
phosphorylated α-synuclein protein (pSer129 α-syn) and glial fibrillary acidic protein in
the enteric nervous system, supporting a recent theory that PD toxicity could start to be
manifest in the gut (Naudet et al., 2017). Mice in postnatal day 21 exposed to PQ showed
longer latencies to reach the platform in the Morris water maze test in a dose-dependent
manner compared to controls (Lou et al., 2016).
The Comparative Toxicogenomics Database shows top ten curated (from the published literature) specific paraquat-gene interactions and protein interactions in vertebrates
and invertebrates (A. P. Davis et al., 2017), in decreasing order of interactions, the genes
are: TNF, NFE2L2, CAT, TGFB1, CASP3, IL1B, HMOX1, IL6, SOD2, and SOD1.
Ren, Zhao, and X.-j. Sun, 2009, reported that 10 mg/kg of paraquat administered
orally for four months to C57BL/6 male mice impaired their locomotor activities, decreased levels of DA and its metabolites. They found decreased activities of SOD and
GSH-PX, TH positive neurons and DAT mRNA expression in SNpc were also decreased.
(Kang, Gil, and Koh, 2009), reported dopamine oxidation and increased oxidized
glutathione in the SNpc of C57BL/6 male mice (7 weeks of age) after paraquat exposure
(10 mg/kg, i.p., twice weekly for three consecutive weeks). The enhancement of DA toxicity has been shown to be related to the accumulation of Daquinone produced by DA
oxidation (Sulzer and Zecca, 1999). Also, PQ markedly increased proteinase-K-resistant
alpha-synuclein aggregates in SNpc of mice over-expressing alpha-synuclein (Fernagut et
al., 2007). Long-term administration of paraquat in rats (10 mg/kg i.p., for 4-24 weeks)
gradually reduced the number of TH neurons starting in the rostro-central region of the
nigrostriatal system and spreading along the whole region after 24 weeks (Ossowska et al.,
2005).
The three hypotheses proposed for paraquat cytotoxicity are: 1) the generation of
superoxide anion and subsequently of hydroxy radicals, which would initiate lipid peroxidation leading to cell death; 2) the intracellular redox cycling of paraquat would produce
NADPH oxidation; 3) paraquat toxicity is due to mitochondrial damage although paraquat
did not impair complex I in isolated brain mitochondria (Klaassen, 2008).
Some studies do not support the causative role of paraquat in sPD based on their
models of acute exposure where paraquat was excluded from the brain by the blood brain
barrier (Bartlett et al., 2009). About PQ toxicity via mitochondria, Shimada et al., 2009,
reported that PQ reductase dependent on NADH and containing voltage-dependent anion
channel 1 is responsible for PQ cytotoxicity.
Combined paraquat and iron exposure in male C57BL mice resulted in accelerated
age-related degeneration of nigrostriatal dopaminergic neurons. Additionally, pretreatment with superoxide dismutase /catalase mimetic (EUK-189), attenuated such neuronal
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death (J. Peng, L. Peng, et al., 2007).
Occupational exposure of paraquat may imply dermal contact and inhalation at
places where this compound is produced or used. Monitoring indicated that population
may also be exposed via ingestion of food contaminated with paraquat (Chester and Ward,
1984; Wojeck et al., 1983). Moreover, there are researchers who propose less toxic paraquat
formulation (by mixing PQ with equivalent (molar) cucurbit[7]uril in water) while maintaining its herbicidal activity. This formulation was seen to inhibit cellular uptake, therefore, reducing the reactive oxygen species (ROS) in zebrafish and mouse model of paraquat
toxicity (Zhang et al., 2019).
Exposure to combined paraquat and maneb in mice models produces mild cognitive impairment as it is seen in Parkinson’s disease. Mild cognitive impairment can be
a common non-motor complication in PD. The combination produces cognitive deficits,
synapse loss in hippocampus, and DA neuron damage in the substantia nigra pars compacta. The combined treatment also increased mRNA of microglial activation markers
and proinflammatory cytokines such as IL-6, IL-1β, CD11b, and TNF-α in hippocampus,
with consequential synaptic loss and therefore cognitive decline. Moreover, these alterations were restored after treatment with Poloxamer 188 which is an amphipathic polymer
known for its cytoprotective effect against 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine
or MPTP-induced dopaminergic (DA) neuronal degeneration (Ding et al., 2020). Exposure
to PQ also evinces inhibitory toxicity on CYP450 enzymes in Goldfish, specifically, in 7ethoxyresorufin-O-deethylase and 7-benzyloxy-4-trifluoromethyl-coumarin-O-debenzyloxylase which were applied to measure the activities of CYP1A and CYP3A enzymes, respectively (X, Z, and S, 2018).
Paraquat bind strongly to soils containing clays, making their bioavailability (bioaccessibility) very low. Meichen Wang et al., 2019 proposed that montmorillonite clays could
be administered by capsules and tablets, or added to food and flavored water, to reduce
toxin bioavailability and human and animal exposures. Another alternative may be the
use of nanoparticles synthesized from the extract of Coffea arabica L. for paraquat degradation from contaminated water (Phuinthiang and Kajitvichyanukul, 2019).
In resume, paraquat causes selective damage to dopaminergic circuits through targeting tyrosine hydroxylase positive neurons in the substantia nigra pars compacta. In
this way, paraquat reproduces an important pathological feature of Parkinson’s Disease
(Jones, O’Callaghan, et al., 2014; Yin et al., 2011; Li et al., 2005). However, Minnema,
Travis, Breckenridge, Sturgess, Butt, Wolf, Zadory, Beck, et al., 2014; Minnema, Travis,
Breckenridge, Sturgess, Butt, Wolf, Zadory, Herberth, et al., 2016, reported that dietary
administration of paraquat (2014) and diquat (2016) for 13 weeks does not result in a loss
of dopaminergic neurons in the substantia nigra of C57BL/6J mice. Also, a meta-analysis
by Breckenridge et al., 2016, reported inconsistent associations between PD and rural living, well-water consumption, farming and the use of pesticides, herbicides, insecticides,
fungicides or paraquat, although these studies were funded by Syngenta Crop Protection,
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LLC, a manufacturer of paraquat. Though, they propose a better understanding of the
onset of PD and its relationship to exposure factors. In a broad point of view, researchers
need to investigate genetics, phenotypes, and ecotoxicology. With this approach we can
expect regional variations in genetics, expression of phenotypes, such as sPD, education
levels, culture, practices, chemicals, weather. An example of this approach is the study by
Hugh-Jones, Peele, and Wilson, 2020 on Louisiana (USA) population diagnosed with PD.
They found the PD-affected areas are associated with commercial woodlands, pastures,
and arbor-pastoral pesticides, 2,4-D, chlorpyrifos, and paraquat.

1.4

Systems Genetics and Systems Biology Approach

We need to recognize that many physiological observables have multiple molecular causes
and studying them in isolation leads to inconsistent patterns of apparent causality when
the causality is the simultaneous combination of multiple factors. System genetics perspective brings valuable tools to evaluate the contribution of host genetics to the outcome of
toxic exposure. Many phenotypes are collected in a genetic reference population and subsequently associated with genetic variations, therefore, genetic regions or quantitative trait
loci associated with a particular trait can be identified. Once these gene networks are identified we can use them to lead the systems biology analysis. Systems biology integrates
the data from systems genetics to determine functional annotations, this is protein-protein
physical and functional interactions, amino acid allelic variants (affecting protein folding
and stability) that may impact specific interactions. In this way, we can understand and
highlight pathways involved in Mendelian and complex phenotypes.
Heritability is defined as a ratio of variances that express the proportion of the phenotypic variance that is attributed to genetic values. The genetic variance, in turn, can be
partitioned into the following variances: additive genetic effects or breeding values, dominance or interaction between alleles at the same locus, epistasis or interactions between
alleles at different loci. Heritability does not mean that we can determine the phenotype
once we know the genotype, because the environment can change and manipulate the
phenotype. (Visscher, Hill, and Wray, 2008), give an example of this: the secular rise of
height in human populations does not likely have a heritability of about 0.8 as reported
before, but is likely to represent changes in the environment resulting from less famine
and improved medical care. By taking on account the genetic segregation within families the total additive genetic variance is within families as in our inbred mouse panel. In
non-inbred population, half of the additive effect is between families and the other half is
within families. In the case of the example about human height heritability, the value of
standard deviation of height in adult offspring with respect to the mean of the parents is
5.4 cm. This variation is not much smaller than the standard deviation in the entire population which is approximately 7 cm. There are several traits like this that we may translate
to other populations knowing the tendency within inbred populations.
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It is also important to mention that low heritability does not mean a small additive
genetic variance and that the response to natural or artificial selection depends on this
variance in the population. Another point is about the informative aspects of heritability, a
high heritability does not necessarily mean that if groups differ in the mean of the trait do
so because of genetic differences. Heritability of a population does not explain changes in
gene frequencies and environments in other populations (Visscher, Hill, and Wray, 2008).
Resampling cohorts of isogenic individuals of the same sex as the BXD sample used for
this project can accurately measure and boost the heritability of a trait to represent gene
networks related to that trait.

1.5

Modeling Genetic Diversity of Neurotoxicology in the Mouse

Research into mechanisms that govern neurotoxicity is not always feasible in humans for
ethical reasons thus, we must rely on genetic reference populations of animals, specifically,
mice and rats. Animal models include knockout-transgenic, inbred strains, and recombinant inbred strains. In particular, to evaluate host-based individual differences upon an
insult we would need a population-based approach. This requires exploding genetically
defined animal models that simulate at least one human population. Besides, genetic reference populations of rodents including the recombinant inbred (RI) strains are ideal materials to further refine an initial GWAS. For example, the BXD family descends from crosses
between C57BL/6J and DBA/2J, hereafter referred to as B6 and D2, respectively. This
family has great potential for mapping precision due to the high recombination density
if compared with other RI populations. In the present, the BXD panel contains approximately 150 unique RI lines, each having been genotyped using high-density SNP arrays,
and as such, are known to segregate for over 5 million common variants and about 12,000
missense mutations some of which have the potential to impact the phenome at molecular,
cellular and behavioral levels with relevance to humans (X. Wang et al., 2016).
With respect to immunology, there are relevant differences among species and conditions in chemokine/cytokine subnetworks in the nervous system. However, several authors have focused on describing these differences and the results can wide us in the design of more reasonable experiments. For example, Du et al., 2017 mapped the baseline
expression of a subgroup of chemokines and cytokines that includes the cytokines that we
measured in our work. They compared the responses after oxygen-glucose deprivation
in nervous cells of human, mouse, and rat. Patterns of cytokine baseline expression in
neurons were undetectable across mouse, rat, and human. After oxygen-glucose deprivation, baseline cytokine expression in primary astrocytes was different between human,
and mouse and rat but similar between mouse and rat. In microglia, baseline levels were
also significantly different between human and mouse but similar between human and rat
microglia. Overall, the analysis of this cytokine/chemokine subnetwork suggested that rat
microglia showed upregulation of cytokines, mouse showed smaller mixed changes, and
human strong mixed changes under preclinical stroke condition.
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In animal models of paraquat exposure, the relevance of dose, route of administration, and duration of exposure relevant to human PQ exposure is difficult to assess.
However, it is known that sensitivity of the lung to PQ is still the most reasonable endpoint for determining the no-observed-adverse-effect level. This level is used for deriving
or calculating reference doses for human risk assessment and animal models of exposure.
Considering this reference doses, we can establish animal models of paraquat exposure
that can be likely relevant to humans.

1.6

Hypothesis and Specific Aims

Being a part of iron-related proteins that play an important role in a wide range of cellular functions, iron is necessary for life. From Hentze, Muckenthaler, and Andrews, 2004
review among the functions of these proteins are oxygen transport, electron transfer, nitrogen fixation, and DNA synthesis. However, an organism can find it difficult to control the
role of iron in the formation of toxic oxygen species that can cause peroxidative damage to
cell structures, mitochondrial dysfunction, and chronic inflammation leading to apoptotic
cell death once the antioxidant cellular defense system is completely overwhelmed.
Our laboratory showed that iron (Fe) concentration is variable among strains of
mice under normal iron diet (240 ppm [Fe]). Our research using the BXD mice panel has
reported that iron levels are higher in older mice if compared with younger groups in ventral midbrain, but no accumulation is seen in hippocampus and cortex. These results match
those from humans, where healthy older adults show elevated striatal iron concentration
in comparison with younger adults (Bartzokis et al., 2007). Kalpouzos et al., 2017 showed
that higher iron concentration in striatum is related to frontostriatal under-activation and
lesser memory in normal aging. Therefore, it is important to understand the factors related
to iron level in the brain because iron accumulation is thought to be an early step in the
neurodegenerative cascade (Hare et al., 2013).
Under normal conditions, iron is tightly regulated by a number of proteins that
transport, sequester, and even change oxidation states. Paraquat has been shown to change
oxidation states and produce reactive oxygen species (J. Peng, Stevenson, et al., 2009). In
combination with peroxide and superoxide iron activity underpins the behavior of many
physiological processes that combined with genetic susceptibility may influence the neurodegenerative cascade. To understand this process, we require an integrative approach
that may lead to novel therapeutic targets. Therefore, we are interested in exploiting the
systems-level approach through a mice panel that has proven robustness in modeling human phenotypes.
Our hypothesis is that variable genetic factors contribute to differential paraquatinduced iron dyshomeostasis which causes neural toxicity by producing free oxygen radicals and by other mechanisms that need to be characterized. Our systems genetics approach in ex vivo experiments leads to a better description of the pathway and biology
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changes associated with paraquat exposure. Here, we report the effects of paraquat on
concentration of iron, copper, and zinc in the ventral midbrain and liver but focusing on
its effects on brain, distribution of paraquat to the cerebellum (as proxy tissue), proinflammatory cytokines expression in cerebellum in the BXD recombinant inbred group, and
proinflammatory cytokines quantification in serum in B6 and D2, the parental lines for the
BXD panel. Thus, our aims will be carried out as follows:

1.6.1

Specific Aim 1: Determine Paraquat Bioavailability in the Brain

Chapter 2 describes the variable accumulation of paraquat in the cerebellum of 39 BXD
strains of adult mice, the identification of a region on chromosome 1 containing a gene that
has been related to cellular senescence and variant(s) that may directly modulate paraquat
effects. Also, it describes paraquat effects on body weight of mice. Due to the nature of the
experiment for the measurement of metals with total reflection X-ray fluorescence (Aim
2), we had to use the whole ventral midbrain (VMB) and no tissue left for measuring PQ
in the VMB. However, we know from previous work by Yin et al., 2011 that PQ levels in
VMB and cerebellum are similar in the parental strains under PQ 5 mg/kg. Therefore, we
used the cerebellum as proxy tissue for the rest of the experiments. In our actual work, we
wanted to measure variability and do the genetic mapping. This lets us verify that all the
strains can get paraquat into the brain, how is the tendency with dose and strain, and map
the phenotypes to look for genetic factors.

1.6.2

Specific Aim 2: Characterize the Effects of Paraquat on Iron, Copper, and
Zinc in the Ventral Midbrain and Liver

In order to assess how individual genetic variation modifies paraquat effects on metal concentration in ventral midbrain we used 28 BXD recombinant inbred strains. We go on to
test the hypothesis that variable genetic factors contribute to differential paraquat-induced
iron dyshomeostasis which causes neural toxicity by free oxygen radicals (Drechsel and
Patel, 2009; Yang and A. Y. Sun, 1998) likely in combination with additional mechanisms.
In Chapter 3, we characterize the genetic mechanisms obtained from brain metal phenotypes. Also, we describe gene networks of paraquat effects on metals in liver and reveal
that under the exposure these networks are independent to those from the brain.

1.6.3

Specific Aim 3: Determine the Effects of Paraquat on Proinflammatory
Cytokines in Serum and Cerebellum

Determination of the effects of paraquat on serum proinflammatory response and its relation to brain inflammatory response may help to understand or discard some mechanisms
by which paraquat exerts its toxicity in the BXD panel. Chapter 4 presents a QTL in chromosome 9 containing components that have been related to Lewy bodies and to another
model of paraquat exposure.
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Specific Aim 4: Assessment of Paraquat Effects on Neuronal Injury in
SNpc

We aim to assess the effects of paraquat on tyrosine hydroxylase positive (TH+) neurons
of the mouse SNpc. At this time, we study a subgroup of 7 BXDs that were exposed to
5 mg/kg of PQ and saline (for control). Chapter 5 shows that PQ reduces the counting
of TH+ neurons in SNpc in 6 of the studied strains. We also compare the effects on TH+
neurons count with the corresponding VMB iron concentration with the goal of exploring
the relationship between these two phenotypes.
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Chapter 2
Paraquat Bioavailability in the Brain 1

2.1

Introduction

Before we can indict paraquat as a neurotoxin, we need to assess its bioavailability in the
brain given exposure and route of administration. The toxicokinetics and toxicodynamics of paraquat in humans is not well understood but its effects after acute exposure are
well known based on several case reports of incidental or suicidal poisoning. Houzé et al.,
1990 reported the toxicokinetics of paraquat in humans, identifying a peak concentration
in plasma, cardiovascular collapse associated with the distribution phase, death related
to pulmonary fibrosis associated with the elimination phase. Fuke et al., 1996 reported
no detection of paraquat metabolites in urine and serum in poisoned patients. There is
controversy about how paraquat interacts with brain tissues because it carries a charge of
+2, which raises questions about its ability to cross the blood brain barrier. Some authors
showed that paraquat has a long half-life in brain though (Prasad Kavita et al., 2007), which
may be related to the reduction of paraquat by NADPH-cytochrome P-450 reductase causing paraquat binding covalently at tissues and elimination based on tissue turnover (Bus,
Aust, and Gibson, 1976; DeGray, Rao, and Mason, 1991). Paraquat can be transported into
the lungs by neutral amino acid transporter (Lohitnavy et al., 2017), and probably taken up
into the brain by the same transport system with the subsequent distribution into striatal
and neuronal cells in a sodium ion dependent manner (Shimizu et al., 2001). Moreover,
authors have reported that paraquat can be transported by DAT in its monovalent cation
state (PQ+) after it is converted from its native di-cation state by either a reducing agent or
NADPH oxidase in microglia. Also, PQ+ is a substrate for the organic cation transporter
3 (Oct3, Slc22a3), which is expressed in non-DA cells in the nigrostriatal areas (Rappold
et al., 2011).
1 Modified from final submission with permission from Oxford University Press © 2020. Torres-Rojas, C.,
Zhuang, D., Jimenez-Carrion, P., Silva, I., O’Callaghan, J. P., Lu, L., Zhao, W., Mulligan, M., Williams, R.W.,
& Jones, B. C. (2020). Systems Genetics and Systems Biology Analysis of Paraquat Neurotoxicity in BXD
Recombinant Inbred Mice. Toxicological Sciences, 176(1), 137-146. Doi:10.1093/toxsci/kfaa050
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Previous results from animal experiments showed that paraquat is poorly absorbed
after oral administration to rats, mice, and other species. When absorbed, paraquat is
distributed to most tissues, especially lungs and kidneys in Lock and Wilks, 2010.
Paraquat is more toxic in water than in isotonic saline when administered via subcutaneous or intraperitoneal route, which shows the influence of the solvent on absorption
and hence the amount delivered to tissues. In vivo studies in several species showed little
evidence of biotransformation of paraquat in the organism (Bartlett et al., 2009).
Prasad et al., 2009 reported paraquat levels in mouse brain, i.e., PQ in cerebellum
(n = 4) after 18 doses of 10mg/kg i.p was 0.63 ng/mg. Also, paraquat not only entered
the brain but also produced a reduction in TH positive neurons in the SNpc. Additional
work (Yin et al., 2011) showed PQ can be detected in ventral midbrain and cerebellum
in C57BL/6J and DBA/2J mice at similar concentrations by area, strain, and sex, after 3
weeks of exposure (5 mg/kg i.p. weekly injection). Nevertheless, we wanted to explore
with more detail the variability attributable to genetic factors on paraquat effects in the
brain to optimize the dose of exposure for further experimentation in a model of chronic
exposure.

2.2
2.2.1

Materials and Methods
Animals

Group and group size were determined according to the methods showed in Jones and
Mormede, 2006. Ashbrook et al., 2019, recommend phenotyping three to six mice per strain
when using the expanded BXD panel and demonstrate that for all levels of heritability it is
preferable to maximize the number of strains rather than the number of replicates in order
to obtain power for mapping. Because initial studies of the parental B6 and D2 strains had
shown no differences in PQ concentrations in ventral midbrain and cerebellum between
the strains and sexes, we followed the protocol of Yin et al., 2011 by injecting the animals
three times at weekly intervals and using either saline, 1, 5, or 10 mg/kg PQ. Because of
budgetary considerations, we studied only male mice. The average age was 231.38 ± 18.66
days.
For PQ in cerebellum we used 3-12 mice per strain/treatment from 38-41 BXD recombinant inbred strains plus the parental strains. All mice were obtained from the University of Tennessee Health Science Center (UTHSC) vivarium. The mice were maintained
under a constant light–dark cycle (06:00–18:00, on–off rotation), ambient temperature was
21 ± 2 °C, and humidity was 35%. The animals were fed Envigo diet 7912. They also received tap water ad libitum. At six months of age, the mice were treated with paraquat
dichloride trihydrate (PQ, product number 36541, Sigma Chemicals, St. Louis, MO), the
solutions were made fresh daily in saline and administered intraperitoneally (i.p.) weekly
for 3 weeks at one of three doses, 1, 5, and 10 mg/kg. Control mice were fed the same diet
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and injected (i.p.) with saline weekly for 3 weeks. All procedures were approved by the
UTHSC Animal Care and Use Committee.

2.2.2

Procedure for Paraquat Quantification in Cerebellum

The procedure follows that of Winnik et al., 2009 that uses an optimized microwaveassisted solvent extraction (MASE) as a rapid and precise extraction method for PQ from
mouse brain tissue. This extract was subsequently quantified by high-performance liquid
chromatography followed by tandem mass spectrometric (LC-MS/MS) assay.
The cerebellum tissue was divided in half, weighed (mean of 24.53 ± 4.68 mg) and
placed into a 1.5-ml microcentrifuge tube, containing150 µl of 12% acetic acid with 20
ng/ml Paraquat dichloride-(rings-d8) as internal standard (IS).
Centrifuge tubes were put into HP 500 (CEM Mathews NC) microwave vessels (5
per vessel) then extracted in a CEM Mars microwave oven for 30 min using 50% of 300W
power (parameters for 5 vessels). If more vessels were necessary, 5% power per additional
vessel was added.
After extraction, both solid plus liquid phases were transferred to Microcon centrifuge filters with a membrane cut off at 10 kDa and were filtered using a refrigerated
centrifuge (Thermo Scientific, Sorvall Legend Micro 21R centrifuge, Germany) at 4 °C and
14,000 X g for 90 min. Filtrates containing PQ were transferred into 1.5 ml tubes and stored
at -20 °C until analysis.
Standard solutions used to create the calibration curves were prepared by adding
the appropriate amount of PQ solution to an extract of the biological matrix obtained by
extraction of untreated brain tissue using the same microwave protocol as that for the
treated samples Analytes from tissue extracts.

2.2.3

Liquid Chromatography Tandem Mass Spectrometry (LC-MS/MS)

LC-MS/MS experiment was carried out on a TripleQuadrupole 4500/5500 Mass Spectrometer (SCIEX, Redwood City, CA), equipped with Analyst (1.6.3) for data collection and
MultiQuant (2.1) for quantitation analysis.
The SCIEX 4500 MS was coupled with a Nexera HPLC system with CBM20A Controller, two LC30AD pumps, CTO30A column oven (SHIMADZU, Columbia, MD). The autosampler is a PAL HTC-xt autosampler (CTC Analytics AG, Lake Elmo, MN). The SCIEX
5500 MS was coupled with a Nexera XR HPLC system and SIL-20ACXR autosampler (SHIMADZU, Columbia, MD).
A Waters UPLC BEH HILIC column, 100 x 2.1 mm with 1.7 µm particle size, (WATERS, Milford, MA) was used for chromatographic separation. Mobile phase was composed of A, water, and B, methanol, both containing 5Mm ammonium formate and 0.05%
formic acid (Ph 3.5).
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Table 2.1: Selected multiple reaction-monitoring mode parameters.
Analyte
Paraquat
Paraquat-d8 (IS)

Transition (m/z)

TR (min)

DP (V)

EP(V)

CE (V)

CXP (V)

185.1/170.1
193.1/178.1

1.68
1.53

70
78

10
10

23
30

6
5

TR , Retention time; DP, declustering potential; EP, entrance potential;
CE, collision energy; CXP, collision cell exit potential; IS, internal standard.

Isocratic elution at 40% B was used with a 4 min run time at a flow rate of 0.2
ml/min. There was an extra 0.5 min equilibration time before each injection. Injection
volume was 10 µl.
For the MS/MS experiment, multiple reaction monitoring transitions were conducted at positive mode with an electrospray ionization (ESI) source Table 2.1. The ion
spray voltage was at 5.5 Kv, and ion source temperature was set at 600 °C. Gas1 and gas2
and curtain gas were set at 60, 50, and 20, respectively. Collisionally activated dissociation
(CAD) gas was 7. Other analyte specific parameters were summarized in Table 2.1.

2.2.4

Mapping Quantitative Trait Loci (QTL)

We used a web service for systems genetics called GeneNetwork (www.genenetwork.org,
GN), (Mulligan et al., 2017). We performed mapping using Genome-wide Efficient Mixed
Model Association algorithm (GEMMA) (X. Zhou and Stephens, 2012). We conducted QTL
analysis for cerebellar PQ concentration, followed by correlations using the GenEx BXD
Sal Cerebellum Affy M430 2.0 (Feb13) RMA male database. Principal component analysis (PCA) of the phenotypes of PQ concentration in CB was performed using GN. These
PCA eigenvariables were saved as phenotypes in GN and were analyzed as other phenotypes. SNP counts were retrieved from Sanger https://www.sanger.ac.uk/sanger/
Mouse_SnpViewer/rel-1303 using the release REL-1303 — GRCm38.
Each phenotype may generate a logarithm of the odds (LOD), LOD is considered
significant if it is above LOD > 4.0 (Ashbrook et al., 2019). If LOD is at least LOD >= 3.0 it
is considered suggestive. The QTL range is determined between 1.5 of the LOD start and
1.5 of the LOD end. Inside this range we look for genes under our criteria that consist of
maximum LOD location inside that range and gene probe must be significantly correlated
with the phenotype (α=0.05).

2.2.5

Statistical Analysis

Data was inspected with histograms and with 95% confidence intervals by treatment and
strain. All phenotypes measured were evaluated by analysis of variance (ANOVA) for a 2
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Figure 2.1: Strain distribution of paraquat concentration in cerebellum
by strain and dose. Data are means and standard errors. The X-axis lists
the BXD strains. Y-axis shows means in µg/g tissue wet weight.

between-subjects variables (strain, dose) experiment. We report means and standard errors
of the mean by strain and dose. Heritability scores were calculated by ANOVA for each of
the doses of paraquat singly by SSstrain/SStotal after J. K. Belknap, 1998. Homogeneity
test was done with Levene’s test and pairwise comparisons were done using the Tukey
HSD test. Main effects and interactions were considered statistically significant at α = 0.05.

2.3
2.3.1

Results
Variability of Paraquat Concentration in Cerebellum of Mouse

Because the measure of metals requires digestion of the tissues in nitric acid (Chapter 3),
we needed a proxy tissue for the ventral midbrain. Here, we measured PQ concentrations
at all doses Figure 2.1. We chose intraperitoneal route because the absorption is like that
observed after oral administration (Turner et al., 2011) and exposure from drinking water
is probably more relevant to Parkinson’s disease (PD). From Figure 2.1 we see individual
variability of paraquat concentration in the cerebellum and its accumulation with dose.
ANOVA showed significant effects of strain and dose on paraquat accumulation in
the cerebellum F(42, 897)=2.15, P<.001 and F(2,897) =83.22, P<.001, respectively. The strain
by treatment interaction was not significant (F(78, 897)<1).
Heritability is an estimate of the proportion of variance attributable to genetic factors and it is a major predictor of disease risk in medicine. Table 2.2 presents heritability
estimates for PQ concentration at the three doses. Table 2.3 presents pairwise correlations
among paraquat concentrations in cerebellum, there was no correlation with lower dose
but higher doses (5 and 10 mg/kg) were correlated. This demonstrated that 5 mg/kg dose
was sufficient to see accumulation of paraquat in the brain in this mouse model. Figure
2.2 shows detailed statistics for the 5 mg/kg dose.
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Table 2.2: Heritability estimates for PQ concentration in cerebellum.
Heritability (h2 )

Trait
Paraquat concentration in cerebellum under PQ 1mg/kg
Paraquat concentration in cerebellum under PQ 5mg/kg
Paraquat concentration in cerebellum under PQ 10mg/kg

0.14
0.13
0.18

Table 2.3: Pearson’s r product-moment correlations among phenotypes of
paraquat concentration in cerebellum.
Treatment (PQ mg/kg)1
1
5
1
2

5

10

.11, df=37

.28, df=36
.662, df=39

PQ doses: 1, 5, 10 (mg/kg)
P<.001

Figure 2.2: Descriptives of paraquat concentration in cerebellum. Record
ID 21459 (without 2 outliers), adult males treated with paraquat (5 mg/kg
i.p.) once a week for 3 weeks. Data are means and standard errors (µg/g).
From left to right: basic statistics table, histogram distribution, probability
plot, and violin plot.
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Table 2.4: Locally cis-regulated positional candidate for paraquat in
cerebelum.1,2
Probe

Symbol

1451690_a_at

Pvrl4

1
2
3
4

Description

SNP count3

Location

Max LRS3

Correlation
with
phenotype r, p4

poliovirus receptor-related 4;
mid 3’ UTR

122

Chr1:
171.386946

Chr1:
171.051732

-0.51, <.01

Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype
were given higher priority.
https://www.genenetwork.org/ used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics, Journal of Open Source Software, 1(2), 25, doi:10.21105/joss.00025.
SNP count: SNPs relative to C57BL/6J. LRS: likelihood ratio statistic.
Pearson’s r correlation, p-value.

Genetic mapping allowed to select for genes under our criteria that consisted in
genes whose expression is regulated in the same loci determined by the range in Mb (LOD1.5), and genes that were correlated with the phenotype. In Table 2.4, we show a QTL in
the phenotype of paraquat concentration in cerebellum under 10 mg/kg dose, the QTL has
a LOD of 3.21 in chromosome 1 at 171.041085 Mb, only one gene fitted our criteria, Pvrl4,
which is defined as poliovirus receptor-related 4. Nagano et al., 2016 showed that there
is a p53-dependent upregulation of this gene. By comparing U2OS cells which contain
the wild-type p53 with p53 deficient SaOS-2 cells upon etoposide treatment (treatment of
cells with relatively lower doses of etoposide induces senescence, whereas high doses of
the drug induce apoptosis) they demonstrated that upregulation of PVRL4 and other five
genes is dependent on p53 and is a general phenomenon in senescence. Expression of this
gene is not detected in adult human healthy tissues (M-Rabet et al., 2017).

2.3.2

Paraquat Effects on Body Weight

Currently, the maximum reduction of body weight that is observed at the end of laboratory
experiments is used to estimate endpoints and potential risk to wild animals. According
to organisms like the European Food Safety Authority the exposure in the field can be
rather short for most pesticides, the worst case is considered with a default half-life of
degradation in environment or DT50 (measure of the stability and persistence of a chemical
substance in the environment) of 10 days (Magnus Wang et al., 2019; Belgers et al., 2011).
Our mice lived almost for 6 months without any manipulation; the treatment was very
carefully applied only once per week per three weeks before the sacrifice and following
the procedures of laboratory animal handling.
It is important to mention that body weight can also be affected by stress during
handling of the animal for injection of treatment and not only by treatment per se. Our
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Figure 2.3: Body weight of BXD mice by paraquat treatment. Crossbars
represent body weight means by treatment group (PQ: 0, 1, 5, 10 mg/kg)
[g], *P<.01 (Tukey HSD).

study design considered the minimal handling with a low frequency of dose administration.
The effects of paraquat treatment on body weight are depicted in Figure 2.3, these
phenotypes have an average of 39 strains for adult males. The results showed a dose
response on weight loss, F(3,642) =4.751, P<.01. The effect of strain was also significant,
F(42,642) =23.267, P<.001. There was no significant strain by treatment interaction, F(107,642) <1.
Post-hoc test Tukey HSD showed significant body weight difference between treatment
groups PQ0 and PQ10. Post-hoc LSD test showed significant differences across all treatment groups except between PQ1 and PQ5. Heritability of body weight is h2=.59, this
means that 59% of phenotype variation can be attributed to genetic factors.
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Discussion

As we demonstrated here, paraquat can enter the brain and its variable cerebellar level is
a result of strain and dose. This fact may contribute to set the environment to paraquat
neurotoxicity through complex pathways. Previous work showed that paraquat produces
microglial activation within the substantia nigra (Jadavji et al., 2019) and mediates microglial superoxide production that leads to iron-enhanced dopaminergic cell death in vitro
(J. Peng, Stevenson, et al., 2009). Paraquat treatment also caused weight loss in the BXD
mice. We generated quantitative data for a number of phenotypes related to paraquat
exposure including body weight change across a subset of the BXD family. All data are
available as a resource to the scientific community and complement data that we and others have deposited in the GeneNetwork database (www.genenetwork.org; see BXD phenotypes found under search term combined “Torres-Rojas paraquat”).
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Chapter 3
Effects of Paraquat on Iron, Copper, and Zinc in
Ventral Midbrain and Liver 1

3.1
3.1.1

Introduction
Iron

Iron is necessary for life and is part of iron-related proteins that play an important role in a
wide range of cellular functions. Among these proteins/enzymes we can find iron-sulfur
proteins, oxygenases, and oxidoreductases. Organisms have developed sophisticated processes for iron uptake, utilization, transport, and storage that need to be tightly regulated
to maintain this metal trace in a soluble non-toxic form (Ponka, Beaumont, and Richardson, 1998; Lok and Ponka, 1999; Nemeth et al., 2004).
Longer lifespans, genetic make-up, nutritional conditions, and environmental exposures are factors that affect the risk for iron-related neurodegeneration. If found in excess,
iron is toxic to neurons (Gregory and Hayflick, 1993). Parkinson’s disease, Alzheimer’s disease, Amyotrophic Lateral Sclerosis, Huntington’s disease, and Friedrich’s ataxia share the
common characteristic of brain iron overload (Fang et al., 2018). Alternatively, iron deficiency impairs monoamine neurotransmission (Unger et al., 2014), and may end up in cognitive impairment in youth reviewed by Grantham-McGregor and Ani, 2001, and Restless
legs syndrome in adults (Connor et al., 2003). Iron status in ventral midbrain (VMB) has
been associated with dopamine pharmacology, expression of dopamine D2 receptor, and
iron content in VMB projection areas, caudate putamen, and nucleus accumbens (Jones,
Reed, et al., 2003).
Increasing evidence led us to infer a relationship between iron metabolism in brain
and environmental toxicants like paraquat. Recently, Hou et al., 2019 showed the effects
of paraquat and maneb on cognitive functions, iron related conditions, and neurology.
1 Modified from final submission with permission from Oxford University Press © 2020. Torres-Rojas, C.,
Zhuang, D., Jimenez-Carrion, P., Silva, I., O’Callaghan, J. P., Lu, L., Zhao, W., Mulligan, M., Williams, R.W.,
& Jones, B. C. (2020). Systems Genetics and Systems Biology Analysis of Paraquat Neurotoxicity in BXD
Recombinant Inbred Mice. Toxicological Sciences, 176(1), 137-146. Doi:10.1093/toxsci/kfaa050
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Learning and memory dysfunction together with ferroptosis and neuroinflammation were
associated with Locus coeruleus/Norepinephrine neurodegeneration in a paraquat and
maneb mouse model of Parkinson’s disease.
Neuromelanin is the main iron storage molecule in the dopaminergic neurons of
substantia nigra pars compacta, SNpc (Bohic et al., 2008; Carballo-Carbajal et al., 2019).
Also, it can bind environmental parkinsonian molecules such as MPTP and possibly paraquat (Karlsson and Lindquist, 2016). For instance, it has been observed that dopaminergic
neurons are more susceptible to MPTP toxicity (Jones, Miller, O’Callaghan, et al., 2013;
Jones, O’Callaghan, et al., 2014; Herrero et al., 1993).
From a systems analysis, Jones, Miller, O’Callaghan, et al., 2013 reported MPTP
produced the greatest loss of DA from the striatum in strain BXD40 and it was the only
strain to show a significant increase of iron in the ventral midbrain. This strain is also
sensitive to disruption in iron regulation under an iron-poor diet (Jellen et al., 2012).
Accordingly, our interest is the study of genetic-based individual differences in susceptibility and iron variability under paraquat exposure. We find this area of study interesting and that needs more insight from a systems genetics and systems biology perspective because this may show networks and specific factors that interplay in the effects of
paraquat, therefore, we will focus on metal concentrations in the VMB among a subset of
the BXD family that has been exposed to paraquat.

3.1.2

Copper

Copper is a trace metal absorbed from diet by enterocytes in the gut and stored with metallothionein and chaperones. Copper transport to the brain is regulated by the bloodbrain barrier where it participates in reactions during norepinephrine (NE) synthesis. The
polymerization of NE within Locus Coeruleus (LC) neurons form neuromelanin, which
increases in normal aging and even more in Parkinson’s disease (Vila, 2019). Interestingly,
clinical studies in patients with PD showed that degeneration of LC noradrenergic neurons
occur earlier and to a greater extent than degeneration of dopaminergic neurons in SNpc
(Patt and Gerhard, 1993; Zarow et al., 2003).
Ackerman and Chang, 2018 reviewed that copper labile pools in live primary rat
hippocampal neurons are required for spontaneous firing and are mobilized during neural depolarization, also Prion protein C and Amyloid precursor protein are in the network
of proteins considered to regulate neural copper homeostasis. Disruption of copper homeostasis was also related to neurodegeneration (Liddell, Bush, and White, 2013). Likewise,
decreased copper content in SNpc is associated with Parkinson’s disease (Davies et al.,
2014).
Goldstein et al., 2002, determined that mechanisms of toxicity of PQ2+ differ if operating in the presence of oxygen or under anoxic conditions, and the reduction of metal
ions like Cu2+ are most probably the responsible for the anoxic toxicity. Rat cerebellar
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granule neurons were not sensitive when cultured with CuCl2 but their survival decreased
when cultured simultaneously with CuCl2 and paraquat in a copper dose-dependent manner (Stelmashook et al., 2016). Paraquat mechanisms of toxicity depend on different factors such as reduction-oxidation states of trace metals, oxygen conditions, cell types, etc.,
(Klaassen, 2008).

3.1.3

Zinc

At the molecular level, zinc regulates gene expression through transcription factors and
regulates the activity of dozens of key enzymes for neuronal metabolism. Intracellular zinc
levels are controlled by metallothioneins (MT) and membranous transporters (ZnT and
Zip). At the cellular level, zinc is a modulator of synaptic activity and neuronal plasticity in
development and adulthood (Gower-Winter and Levenson, 2012). Specifically, alterations
in MT and ZnT have been related to aging and Alzheimer’s disease (Szewczyk, 2013). Zinc
has been related to Parkinson’s disease as protective (Adani et al., 2020).
Even when the brain needs more protective factors during aging, these factors may
interact with toxicants in a detrimental manner. Age-related increase of intracellular Zn2+
can exacerbate PQ toxicity. Tamano et al., 2019, showed that age-related intracellular Zn2+
dysregulation produced vulnerability to PQ-induced pathogenesis in the SNpc of aged
rats compared to young rats.

3.1.4

Age-related Iron Concentration in Ventral Midbrain

Not everyone develops a neurodegenerative disease and so we must understand the basis
for differences among individuals in susceptibility. The differences may stem from exposures or other experiences and genetics or the interaction between exposures and genetics. We know, for example, that there are genetic-based individual differences in ferritin
(Gnanou, Muthayya, and Kurpad, 2006), transferrin receptors (Wysokinski et al., 2014),
and hepcidin (Ford et al., 2010). Variations also exist among humans in both iron regulatory proteins 1 and 2, and iron regulatory elements. Considering that there are geneticbased, individual differences in many if not most of the proteins that manage iron, a major
hypothesis is that at least some of these differences confer susceptibility to or protection
from neurodegenerative diseases after environmental exposures to elements that increase
the risk or modulate the mechanisms that lead to disease.
Our laboratory showed that iron (Fe) concentration is variable among strains of
mice under normal iron diet (240 ppm [Fe]) Figure 3.1, and iron tends to accumulate
with age in ventral midbrain as shown in Figure 3.2, but no age-based accumulation is
seen in other areas like hippocampus and cortex (not shown here). ANOVA revealed
strain, age group, and their interaction have a significant effect on Fe in VMB (F(81,638) =3.7,
F(1,638) =36.6, F(36,638) =2.7; all at P<.001, respectively). These results match those from humans, where healthy older adults show elevated striatal iron concentration compared to
younger adults (Bartzokis et al., 2007).
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Figure 3.1: Iron level difference between aged and young groups.
Control mice, both sexes. Values are differences of means between aged
group (>=240 days) and young group (<240 days), (µg/g).

Daugherty and Raz, 2013 performed a meta-analysis about age-related differences
in iron content in subcortical nuclei in vivo and found a robust association between advanced age and high iron level in the substantia nigra and striatum. Kalpouzos et al.,
2017 showed that higher iron concentration in striatum is related to reduced activity in the
fronto-striatal area and impaired memory in normal aging. Therefore, it is important to
understand the factors related to iron regulation in the brain because iron accumulation is
thought to be an early step in the neurodegenerative cascade (Hare et al., 2013).
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Figure 3.2: Ventral midbrain iron concentration by age. Scatter plot of 62
BXD and parental strains of mice, [Fe] in VMB is correlated with age
(Pearson r(637) = .31; P<.001).
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Materials and Methods
Animals

Groups and group sizes were determined according to the methods showed in Jones and
Mormede, 2006. Ashbrook et al., 2019, recommend phenotyping three to six mice per strain
when using the expanded BXD panel and demonstrate that for all levels of heritability
it is preferable to maximize the number of strains rather than the number of replicates
in order to maximize power for mapping. Because initial studies of the parental B6 and
D2 strains had shown no sex differences in paraquat concentrations at 5 mg/kg (Yin et
al., 2011), we reduced total mouse numbers by using all male mice (although we do not
discard future studies on both sexes), the average age of mice was 231.38 ± 18.66 days. For
iron, copper, and zinc concentrations we used 3-6 mice per strain/treatment from 28 BXD
recombinant inbred strains plus the parental B6 and D2 strains. All mice were obtained
from the University of Tennessee Health Science Center (UTHSC) vivarium. The mice
were maintained under a constant light–dark cycle (06:00–18:00, on–off rotation), ambient
temperature was 21 ± 2 °C, and humidity was 35%. The animals were fed Envigo diet
7912 containing 240 ppm Fe, 93 ppm Cu, and 63 ppm Zn, over six months. They also
received tap water ad libitum; the water contained 1.6, 0.5, and 4.3 ppm Fe, Cu, and Zn,
respectively. This is a normal diet for mice. We detail the quantities of each element in
the normal chow and tap water because we report element concentrations in the brain.
We want to show that the diet was not interfering with the measurements and the mice
were receiving a balanced and standard diet after the weaning period. For example, 240
ppm of iron in the diet is considered the average daily iron intake from food that mice
need. If we use a chow with 40 ppm of iron this may set a condition of iron deficiency and
would be a different experimental design. At six months of age, the mice were treated with
1, 5, or 10 mg/kg paraquat dichloride trihydrate i.p. (PQ, product number 36541, Sigma
Chemicals, St. Louis, MO), the solutions were made fresh daily in saline and administered
once weekly for 3 weeks. Control mice were fed the same diet and injected (i.p.) with
saline. All procedures were approved by the UTHSC Animal Care and Use Committee.

3.2.2

Procedure for Metals Quantification

• The animals were deeply anesthetized with isoflurane and decapitated. Several tissues including liver were dissected. The brain was removed and dissected to yield
the ventral midbrain and cerebellum.
• The ventral midbrain and liver were weighed (mean ± s.e.m. =21.7 ± 10 mg and
=481.7 ± 287.2 mg, respectively) and wet-ashed with nitric acid. Wet-ashing of the
tissues was performed by digestion in 400 µl ultra-pure nitric acid overnight followed by dilution with 400 µl deionized water for a total solution of 800 µl (or 3000
µl for liver). Ten µl of gallium (Pcode: 101927122, Sigma-Aldrich) in a concentration
of 1 mg/l as internal standard was added to 90 µl diluted sample. Ten µl of each
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diluted sample was placed onto the center of quartz carriers in duplicate, placed on
a hot plate at 90°C and evaporated to dryness. The carriers were irradiated for 500
seconds and read in a S2 PICOFOX instrument (Bruker, Berlin).
• The values for each element were normalized to tissue wet weights. Metal concentrations are reported as mean µg/g ± s.e.m. or difference of the means by strain and
PQ dose vs. saline control.
• Bioinformatic analysis of the difference between PQ treated mice and control mice
was performed using tools at www.genenetwork.org

3.2.3

Mapping Quantitative Trait Loci (QTL)

We used a web service, GeneNetwork (www.genenetwork.org, GN), (Mulligan et al., 2017)
for mapping. We performed mapping using Genome-wide Efficient Mixed Model Association algorithm (GEMMA) (X. Zhou and Stephens, 2012). Values of the BXD metal phenotypes in VMB were compared against ventral tegmental area gene expression VCU BXD
VTA Sal M430 2.0 (Jun09) RMA database, HQF BXD Striatum ILM6.1 (Dec10v2) RankInv
database, HQF Striatum Affy Mouse Exon 1.0ST Gene Level (Dec09) RMA database, for
liver we used EPFL/LISP BXD CD Liver Affy Mouse Gene 1.0 ST (Aug18) RMA database.
Principal component analysis (PCA) of phenotypes in VMB and liver was done using GN,
the PCA eigenvariables were saved as phenotypes in GN and were analyzed like other
phenotypes. SNPs count were retrieved from Sanger (Keane et al., 2011; Yalcin et al., 2011,
https://www.sanger.ac.uk/sanger/Mouse_SnpViewer/rel-1303) using the release REL1303 — GRCm38, selecting for strain DBA/2J which means C57BL/6J as reference.

3.2.4

Statistical Analysis

Data was inspected with histograms and with 95% confidence intervals by treatment and
strain. All phenotypes measured were evaluated by analysis of variance (ANOVA) for
a 2 between-subjects variables (strain, dose) experiment. We report means and standard
errors of the mean by strain and dose. Heritability scores were calculated by ANOVA for
each of the doses of paraquat singly by SSstrain/SStotal after J. K. Belknap, 1998. Main
effects and interactions were considered statistically significant at α = 0.05.

3.3
3.3.1

Results
Effect of Paraquat on Metal Concentration in the Ventral Midbrain

We explored genetic-based individual differences in susceptibility to paraquat exposure
and its effect on metal concentration in areas that have shown to be most affected under
iron-related neurodegeneration such as the ventral midbrain (VMB). Therefore, we measured not only iron but also copper and zinc. Each metal plays important roles in energy
metabolism, neurotransmitter synthesis, myelination and more. The roles of each metal
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in neurodegenerative diseases are well documented; however less is known about how
these metals interact under paraquat exposure. We measure these metal concentrations
in the VMB which contains the substantia nigra pars compacta, SNpc. The SNpc by itself
is a very small tissue that is not feasible to use for total reflection X-ray fluorescence for
trace analysis thus we dissected the VMB. Due to the nature of the experiment we used
the whole VMB dissection to measure metals and no tissue left for measuring PQ in the
ventral midbrain.
Also, to evaluate the influence of genetic background on phenotypes of metal concentration in ventral midbrain we selected a panel of 28 BXD recombinant inbred strains
and the two parental strains. We used 73% of the same strains that we used for measuring
PQ in cerebellum (Chapter 2). We measured iron, copper, and zinc concentrations [Fe],
[Cu], and [Zn], respectively as described in the procedure section. We present the data as
differences between treatment groups and control group Figure 3.3. Some strains showed
an increase in iron concentration, although not all strains showed a consistent increase
with the dosage. Analysis of variance revealed significant main effects of strain, PQ, and
their interaction on [Fe] in the ventral midbrain F(29,498) =1.783, P<.01, F(3,498) =2.811, P<.05,
F(87,498) = 1.565, P<.01. For [Cu], ANOVA revealed a main effect of strain, F(29,543) =6.859,
P<.001, but not for PQ nor strain X PQ interaction, F(3,543) =2.257, P<.10; F(87,543) <1, respectively. For [Zn], ANOVA showed a main effect for strain F(29,554) =2.553, P<.001, but not for
PQ nor strain X PQ interaction F(3,554) =1.311, P<.30; F(87,554) <1, respectively.
Overall, the impact of paraquat treatment on iron concentration did show important variation depending on the specific background strain evaluated, for example BXD101
showed a maintained increase of iron concentration with dosage. Heritability (h2 ) estimates in Table 3.1 show how much is the genetic component underlying observed iron
variability among strains.
Literature shows that zinc has been related to Parkinson’s disease with a protective
effect (Adani et al., 2020) but decreased copper content in SNpc is associated with Parkinson’s disease (Davies et al., 2014), and most neurodegenerative diseases share the common
characteristic of brain iron overload (Fang et al., 2018). Therefore, it is important to know
how these three metals interplay under paraquat exposure. The statistical analysis showed
that iron is affected by treatment but not copper and zinc, however, copper may be affected
by iron under 10mg/kg of PQ as we show in Table 3.2. In general, these results showed
that iron and zinc are related under 5 mg/kg dose, which may imply an increase of zinc as
protective mechanism against iron-enhanced PQ toxicity. Copper is related to zinc under 1
mg/kg and 10 mg/kg doses, which may indicate an indirect relation between copper and
iron under higher PQ doses.
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Figure 3.3: Metal concentrations in VMB by strain and dose. Data are
differences between PQ treated mice and control mice [µg/g]. X-axis lists
the strains. Y-axis shows mean differences in µg/g, tissue wet weight.

Table 3.1: Heritability estimates for iron phenotypic traits in BXD mouse.
Trait
Iron concentration in VMB (µg/g) saline
Iron concentration in VMB (µg/g) PQ 1mg/kg
Iron concentration in VMB (µg/g) PQ 5mg/kg
Iron concentration in VMB (µg/g) PQ 10mg/kg

Heritability (h2 )
0.35
0.31
0.27
0.36
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Table 3.2: Pearson’s r product-moment correlations among metals in
VMB by dose.
Trait
Fe PQ5
Fe PQ10
Cu PQ1
Cu PQ10

Cu PQ10

Zn PQ1

Zn PQ5

Zn PQ10

.550*, df=28
.505*, df=28

.48*, df=28
.521*, df=28
.725*, df=28

Correlations are based on differences between PQ treated mice
and controls.
*P<.05

3.3.2

Genetic Mapping Identifies Intervals Associated with Metal Concentration in Young Adult Male Mice under Paraquat Exposure

To identify genes involved in paraquat effects on metal concentration, we analyzed iron,
copper, and zinc concentrations within a cohort of adult male mice that model a proportion
of the genetic and phenotypic variation of human populations.
Locally cis-regulated positional candidates are genes whose expression had a peak
LOD at the location of the gene, were correlated with the phenotype, and have mean expression higher than 8, although this is limited to linear relations we do not discard there
could be other genetic factors that may underlie the observed effects. Pearson’s r correlations between gene probes within QTL and phenotypes are listed in Tables 3.3, 3.4, 3.5,
3.6, 3.7, and 3.8.
The SNP count is relative to C57BL/6J. Phenotypes like zinc concentration are not
shown in tables because we did not observe suggestive QTL in the genetic mapping or did
not have any cis-regulated gene correlated with the phenotype, therefore these phenotypes
did not unravel suggestive genes that we could relate to any effect of treatment.
Genes from Table 3.8, such as: Nit1, Copa, Atp1a2, and Dfy were correlated with
our phenotype of PQ concentration in cerebellum under PQ dose of 10 mg/kg (record
ID 21460). These genes are candidates within a QTL previously dissected on mouse distal chromosome 1. This QTL was reported as a hotspot for modulating neurobehavioral
phenotypes and gene expression in BXD mice (Mozhui et al., 2008).
We used principal component analysis (PCA) to see whether a smaller number of
combination of data can capture the pattern of variation (Lever, Krzywinski, and Altman,
2017). As expected, the mapping of principal components captured about the same genes
from what we obtained from the mapping of individual phenotypes and corroborated that
genes such as Prkag2 and Fastk represent the majority of patterns in the data concerning to
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Table 3.3: Locally cis-regulated positional candidates for PQ1 effect on
iron in VMB. 1,2,3
Probe

Description

SNP count4

Correlation
with
Max Expr
phenotype r, p5

Additive
effect

Location

Max LRS4

Chr2:
104.146159

Chr2:
104.099551

0.54, <.02

8.351

-1.046

Chr6:
86.647206

Chr6:
85.461248

-0.50, <.03

11.034

-0.629

Chr6:
87.091852

Chr6:
85.461248

-0.54, <.02

11.886

-0.578

ILM102120333,
9630056G07Rik

RIKEN cDNA 9630056G07 gene;
3’ UTR

ILM100110433,
Mxd1

MAX dimerization protein 1;
distal 3’ UTR (strong cisQTL
in BXD Illumina striatum)

ILM102810273,
Gftp1

glutamine fructose-6-phosphate
transaminase 1; far 3’ UTR

1448545_at,
Sdc2

syndecan 2; proximal 3’ UTR

328

Chr15:
33.032830

Chr15:
31.731351

-0.86, <.01

9.858

-0.161

1459434_at,
Pdhx

pyruvate dehydrogenase
complex, component X;
intron

154

Chr2:
103.055032

Chr2:
102.764753

0.73, <.04

7.551

-0.235

1433692_at,
AI429152

expressed sequence
AI429152

Chr2:
103.721506

Chr2:
104.099551

0.74, <.04

8.78

-0.052

1450288_at,
Cdh6

cadherin 6

300

Chr15:
13.034304

Chr15:
12.687693

r= -0.7885, <.02

8.116

-0.446

ILM2230520,
Slc1a2

solute carrier family 1 (glial
high affinity glutamate
transporter), member 2;
short form 3’ UTR (intron 11)

435

Chr2:
102.777940

Chr2:
102.764753

0.45, <.04

7.698

-0.213

ILM5360450,
Lmo2

LIM domain only 2;
3’ UTR

2

Chr2:
103.981685

Chr2:
101.720446

0.48, <.03

13.76

-0.082

ILM102120333,
9630056G07Rik

RIKEN cDNA 9630056G07
gene; 3’ UTR

Not in db

Chr2:
104.146159

Chr2:
104.099551

0.54, <.02

8.351

-1.046

ILM105220129,
Kiaa1549l

KIAA1549 like (RIKEN
cDNA 430041D05 gene); 3’ UTR

Not in db

Chr2:
104.147115

Chr2:
104.099551

0.495, <.03

11.421

-0.192

1
2
3
4
5

Not in db

67

Not in db

Not in db

Record ID 21430, difference between paraquat treated mice (1 mg/kg i. p.) and control mice(µg/g).
Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype were given higher
priority.
Used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics, Journal of
Open Source Software, 1(2), 25, doi:10.21105/joss.00025. Functional access: https://www.genenetwork.org/
LRS: likelihood ratio statistic. SNP count: SNPs relative to C57BL/6J.
Pearson’s r correlations with p-value are reported.
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Table 3.4: Locally cis-regulated positional candidates for PQ5 effect on
iron in VMB.1,2,3
Probe

Description

SNP count4

Location

Max LRS4

Correlation
with
Max Expr
phenotype r, p5

Additive
effect

ILM5910731,
AB112350

cDNA sequence
AB112350; 3’ UTR

Not in db

Chr5:
21.663405

Chr5:
23.888018

0.54, <.02

7.822

-0.19

ILM100510162,
Nupl2

nucleoporin like 2;
3’ UTR

109

Chr5:
24.183556

Chr5:
24.065030

-0.50, <.02

9.09

0.127

ILM100770114,
Abcb8

ATP-binding cassette,
sub-family B (MDR/TAP),
member 8; intron 10

120

Chr5:
24.403812

Chr5:
21.026344

0.57, <.01

10.033

-0.117

ILM940348,
Cdk5

cyclin-dependent kinase 5;
3’ UTR

15

Chr5:
24.418494

Chr5:
24.371012

0.57, <.01

11.261

-0.128

ILM4280288,
Fastk

Fas-activated serine/threonine
kinase; exon 9

14

Chr5:
24.441344

Chr5:
25.445855

0.51, <.03

10.355

-0.158

ILM2340100,
Prkag2

protein kinase, AMP-activated,
gamma 2 non-catalytic subunit;
3’ UTR

500

Chr5:
24.867337

Chr5:
25.445855

0.53, <.02

8.721

-1.147

ILM105360301,
2900019A20Rik

RIKEN cDNA 2900019A20 gene;
intron 6

Not in db

Chr5:
24.903463

Chr5:
25.445855

0.58, <.01

8.995

-0.884

ILM100520746,
1500035N22Rik

RIKEN cDNA 1500035N22 gene;
intron 4

Not in db

Chr5:
24.998070

Chr5:
25.445855

0.51, <.03

7.907

-0.885

ILM105910402,
Arp

Arp lymphoid/erythroid

Not in db

Chr5:
25.832447

Chr5:
27.285288

-0.57, <.01

10.473

0.268

ILM102810112,
Arp

Arp lymphoid/erythroid
hyperplasia; exon 13

Not in db

Chr5:
25.849878

Chr5:
27.285288

-0.61, <.01

10.996

0.32

ILM101780601,
Zfp386

zinc finger protein 386
(Kruppel-like); exon 3

177

Chr12:
116.054851

Chr12:
116.685296

-0.51, <.02

7.506

0.191

1
2
3
4
5

Record ID 21413, difference between paraquat treated mice (5 mg/kg i. p.) and control mice (µg/g).
Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype were given higher
priority.
Used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics, Journal of
Open Source Software, 1(2), 25, doi:10.21105/joss.00025. Functional access: https://www.genenetwork.org/
LRS: likelihood ratio statistic. SNP count: SNPs relative to C57BL/6J.
Pearson’s r correlations with p-value are reported.

Chapter 3. Effects of Paraquat on Iron, Copper, and Zinc in Ventral Midbrain and
Liver

34

Table 3.5: Locally cis-regulated positional candidates for PQ1 effect on
copper in VMB.1,2,3
Probe

Description

1419301_at,
Fzd4

frizzled class receptor 4;
mid 3’ UTR

1443218_at,
Picalm

phosphatidylinositol binding
clathrin assembly protein; intron
1 (from EST AK138791)

1455773_at,
Picalm

phosphatidylinositol binding
clathrin assembly protein;
intron 1 (from EST AK164812)

1
2
3
4
5

SNP count4 Location

Max LRS4

Correlation
with
Max Expr
phenotype r, p5

Additive
effect

-

Chr7:
89.408835

Chr7:
87.733869

-0.85, <.01

8.873

0.228

142

Chr7:
90.131577

Chr7:
89.603538

0.84, <.01

5.547

-0.115

-

Chr7:
90.136764

Chr7:
89.603538

0.82, <.01

8.196

-0.604

Record ID 21414, difference between paraquat treated mice (1 mg/kg i. p.) and control mice (µg/g).
Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype were given
higher priority.
Used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics,
Journal of Open Source Software, 1(2), 25, doi:10.21105/joss.00025. Functional access: https://www.genenetwork.org/
LRS: likelihood ratio statistic. SNP count: SNPs relative to C57BL/6J.
Pearson’s r correlations with p-value are reported.

iron. The biological meaning is that kinase activity possibly exerts a role on iron regulation
in VMB under paraquat toxicity.
The PCA for iron in VMB revealed a QTL in Chr 5 @ 24Mb, with a LOD of 4.09, Figure 3.4 (Record ID: 21466 in GN) and allowed to identify a candidate SNP in the gene
protein kinase, AMP-activated, gamma 2 non-catalytic subunit, Prkag2. This gene has
a non-synonymous variant (missense variant, rs252553547) in exon 3 (A/G) and has a
mean expression of 9.947 in ventral tegmental area. Non-synonymous variants may explain the variable effects of treatment and variable functionality in different regions. This
SNP changes Valine for Alanine in residues 105 and 229, and its minor allele frequency is
0.17 (Yates et al., 2020), which implies that 17% of individuals carry this allele in a population so it is unlikely to cause disease. Prkag2 gene has 199 orthologues which means is
highly conserved across species. However, it would be interesting to evaluate this gene in
the protein level in our model of paraquat toxicity. Prkag2 gene provides instructions for
making one part (the gamma-2 subunit) of a larger enzyme called AMP-activated protein
kinase. This enzyme senses and responds to energy demand within cells.
Previous genetic analysis identified missense pathogenic variant (p.K290I) in this
gene related with Wolff-Parkinson-White syndrome, which produces a ventricular hypertrophy due to glycogen accumulation, and conduction system disease (Paula van der Steld
et al., 2017).
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Table 3.6: Locally cis-regulated positional candidates for PQ5 effect on
copper in VMB.1,2,3
Probe

Description

SNP count4 Location

Max LRS4

Correlation
with
Max Expr
phenotype r, p5

Additive
effect

1419258_at,
Tcea1

transcription elongation
factor A (SII) 1; distal
half of 3’ UTR

114

Chr1:
4.897369

Chr1:
4.878037

-0.72, <.042

11.501

-0.187

1418380_at,
Terf1

telomeric repeat
binding factor 1

323

Chr1:
15.838229

Chr1:
13.860415

0.88, <.003

8.22

0.11

ILM101940609,
Mrpl15

mitochondrial ribosomal
protein L15; intron 5

151

Chr1:
4.776675

Chr1:
4.878037

-0.50, <.02

11.872

-0.075

ILM6620471,
Sgk3

serum/glucocorticoid
regulated kinase 3;
proximal 3’ UTR

398

Chr1:
9.899373

Chr1:
10.162992

-0.56, <.01

7.148

-0.368

ILM105720017,
Ncoa2

nuclear receptor
coactivator 2; intron 8

500

Chr1:
13.182489

Chr1:
13.073341

-0.61, <.01

7.835

-0.205

1
2
3
4
5

Record ID 21431, difference between paraquat treated mice (5 mg/kg i. p.) and control mice (µg/g).
Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype were
given higher priority.
Used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics,
Journal of Open Source Software, 1(2), 25, doi:10.21105/joss.00025. Functional access: https://www.genenetwork.org/
LRS: likelihood ratio statistic. SNP count: SNPs relative to C57BL/6J.
Pearson’s r correlations with p-value are reported.

Chapter 3. Effects of Paraquat on Iron, Copper, and Zinc in Ventral Midbrain and
Liver

Figure 3.4: Principal component analysis of iron level in VMB. Record ID
21466, adult males treated with paraquat once a week for 3 weeks; values
are differences between paraquat treated mice (1, 5, 10 mg/kg i. p.) and
control mice, (µg/g). A) Genetic mapping with outliers, N=30, and violin
plot representing trait distribution with outliers (on the right) B) Genetic
mapping without outliers, N=27, and violin plot (on the right).
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Figure 3.5: Relationships between genes that are correlated with
paraquat phenotypes in brain. Network graph focusing on Prkag2 (on the
left). Values of Pearson’s r higher than 0.7 are displayed in red; those
between 0.5 and 0.7 in orange; values lower than -0.7 are in blue; between
-0.5 and -0.7 in green. Pearson’s correlation between Prkag2 and Cdk5 (on
the right). X-axis: mouse BXD Striatum mRNA UTHSC Striatum RankInv
1210: ILM2340100, (Prkag2 on Chr5: 24.867337 Mb) protein kinase,
AMP-activated, gamma 2 non-catalytic subunit; 3’ UTR. Y-axis: mouse
BXD Striatum mRNA UTHSC Striatum RankInv 1210: ILM940348, (Cdk5
on Chr5: 24.418494 Mb) cyclin-dependent kinase 5; 3’ UTR.
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Table 3.7: Locally cis-regulated positional candidates for PCA of copper
phenotypes in VMB.1,2,3
Probe

Description

SNP count4

Location

Max LRS4

Correlation
with
Max Expr
phenotype r, p5

Additive
effect

1431835_at,
Tcerg1l

transcription elongation
regulator 1-like

500

Chr7:
138.258759

Chr7:
137.926818

-0.82, <.03

6.17

-0.143

ILM6020309,
Mgmt

O-6-methylguanineDNA methyltransferase;
3’ UTR

500

Chr7:
137.128103

Chr7:
136.435575

-0.67, <.001

7.926

-0.44

ILM101850403,
Ebf3

early B-cell factor 3;
distal 3’ UTR

229

Chr7:
137.193895

Chr7:
136.435575

-0.6, <.01

7.343

-0.191

ILM102030397,
9430038I01Rik

RIKEN cDNA 9430038I01;
putative intergenic

66

Chr7:
137.376326

Chr7:
136.435575

-0.55, <.02

7.632

-0.124

1
2
3
4
5

Record ID 21471.
Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype were given
higher priority.
Used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics,
Journal of Open Source Software, 1(2), 25, doi:10.21105/joss.00025. Functional access: https://www.genenetwork.org/
LRS: likelihood ratio statistic. SNP count: SNPs relative to C57BL/6J.
Pearson’s r correlations with p-value are reported.

Rubio de la Torre et al., 2008 reported combined phosphorylation of parkin by casein kinase 1 (CK1) or cyclin-dependent kinase 5 (Cdk5 in Table 3.4) further leads to its
aggregation, which can play a role in sPD pathogenesis (Chai and K.-L. Lim, 2013). Pearson’s r correlation between Prkag2 and Cdk5 is shown in Figure 3.5.

3.3.3

Effect of Paraquat on Metal Concentration in Liver

We explored the effects of paraquat on iron, copper, and zinc concentrations in liver. Our
results showed that iron levels are not significantly affected by treatment, F(3,659) =1.5,
P<.214, but were by strain as usual, F(47,659) =23.02, P<.001. The interaction strain x treatment showed an effect on iron in liver, F(130,659) =2.85, P<.001, therefore, the effect of treatment on iron is opposite depending on the strain. For copper in liver, the effects of treatment and strain were significant, F(3,744) =5.15, P<.002 and F(47,744) =8.89, P<.001, respectively; but no significant interaction between them, F(130,744) =1.12, P<.2. For zinc in liver,
ANOVA showed significant effects of treatment, strain, and their interaction, F(3,734) =2.95,
P<.033; F(47,734) =6.5, P<.001; F(130,734) =1.3, P<.04, respectively. Treatment effects on strains
are showed in Figure 3.6, the data are differences between treatment groups and control
group. We did not find correlations between phenotypes in brain and those in liver. In
Table 3.9, we show significant correlations among liver phenotypes. Under 5 mg/kg of
PQ dose, copper concentration may be predicted as a linear function of a set of iron and
zinc phenotypes.
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Table 3.8: Locally cis-regulated positional candidates for PQ10 effect on
paraquat concentration in cerebellum.1,2,3
Probe

Description

SNP count4

Location

Max LRStnote4

Correlation
with
phenotype r, ptnote5

Max Expr

Additive
effect

1451690_a_at,
Pvrl4

poliovirus receptorrelated 4; mid 3’ UTR

122

Chr1:
171.386946

Chr1:
171.051732

-0.51, <.01

6.175

-0.087

1429382_at,
Tomm40l

translocase of outer
mitochondrial membrane
40 homolog-like; last two
exons and proximal 3’ UTR
(overlaps antisense to Nr1i3 3’ UTR)

18

Chr1:
171.219303

Chr1:
171.051732

0.4, <.04

10.902

0.116

1417469_at,
Nit1

nitrilase 1; far 3’ UTR
(overlaps last exon of Dedd)

15

Chr1:
171.340637

Chr1:
171.051732

0.4, <.043

7.548

0.14

1415706_at,
Copa

coatomer protein complex
subunit alpha; 3’ UTR

257

Chr1:
172.121781

Chr1:
171.051732

0.4, <.04

12.083

0.161

1459733_at,
Pea15

phosphoprotein enriched
in astrocytes 15; intron 1

Chr1:
172.201833

Chr1:
171.051732

-0.42, <.03

8.896

-0.351

1434893_at,
Atp1a2

ATPase, Na+/K+ transporting,
alpha 2 polypeptide (familial basilar,
hemiplegic migraine 2); distal 3’ UTR

Chr1:
172.273211

Chr1:
172.235364

.44, <.02

12.85

0.251

1432273_a_at,
Dfy

Duffy blood group; exon 2

Chr1:
173.332064

Chr1:
172.911308

.45, <.02

12.374

0.11

1
2
3
4
5

Not in db

283

Not in db

Record ID 21460, paraquat concentration in cerebellum of paraquat treated mice (10 mg/kg i.p.).
Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype were given higher priority.
Used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics, Journal of Open Source
Software, 1(2), 25, doi:10.21105/joss.00025. Functional access: https://www.genenetwork.org/
LRS: likelihood ratio statistic. SNP count: SNPs relative to C57BL/6J.
Pearson’s r correlations with p-value are reported.
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Figure 3.6: Metal concentrations in liver by strain and dose. Data are
differences between PQ treated mice and control mice (µg/g). X-axis lists
the strains. Y-axis shows mean differences in µg/g, tissue wet weight.
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Table 3.9: Significant∗ Pearson’s r product-moment correlations among
metals in liver by dose.
Trait

FePQ5

FePQ10

CuPQ1

CuPQ5

ZnPQ10

.78,
df=39

.86,
df=38

.7,
df=33
.68,
df=38

CuPQ5
.76,
df=44

ZnPQ1

ZnPQ5

ZnPQ1

.59,
df=37

FePQ5

FePQ10

CuPQ10

.52,
df=39

.65,
df=37

ZnPQ10

.52,
df=33

.74,
df=39

.56,
df=40

.64,
df=38

.7,
df=41

*P<.05

Table 3.10: QTL of PCA of PQ effect on metal phenotypes in liver.
PCA of
phenotypes
in liver
PCA1
PCA1
PCA2
PCA3

Locus

Log(p)

Chr

Mb

1.5LOD Range (Mb)

rs108035116
rs27026004
rs31559428
rs3677986

4.85
3.05
3.78
3.73

1
11
1
11

131.59573
98.990976
172.578307
68.147546

128.543687-133.156613
94.75882-103.015614
171.172245-178.15668
68.147546-70.519944
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Figure 3.7: Genetic mapping of PCA1 of metal phenotypes in liver.
Mapping shows QTL in Chr1 at 131.6 Mb with LOD = 4.85 and in Chr 11 at
98.99 Mb with LOD=3.05.

The PCA of all phenotypes of metals in liver under paraquat exposure revealed
three components. The genetic mapping revealed four loci listed in Table 3.10. Figure 3.7
represents the mapping result for the first principal component showing a LOD of 4.85 at
Chr1: 131.6 Mb. Figure 3.8 represents the correlation among the genes within the ranges
shown in Table 3.10. The functional annotations for each gene from the web QTL were
evaluated in DAVID (D. W. Huang, Sherman, and Lempicki, 2009). Most of the genes were
related with metal-binding, acetylation, mitochondrion, and classified as phosphoproteins.
Although some of them were related, the clustering did not reveal any direction to further
target a particular process.

3.3.4

Genetic Correlations Between eQTL of Phenotypes in Brain and BXD
Published Phenotypes

Information about genetic variation at loci from Table 3.4 could better predict an individual’s risk of developing disease related to paraquat exposure because this phenotype
showed a highly variable response at a lower dose. In a previous study on the parental
strains by Jones, Reed, et al., 2003, male mice carrying the C57BL/6J (B) allele had about
25% greater iron content in VMB compared to strains carrying the DBA/2 (D) allele. We
took all alleles from the eQTL analysis and determined the total additive effect across the
BXD panel. This new phenotype was uploaded in GeneNetwork under record ID 24383.
The new trait was compared against BXD published phenotypes obtaining significant correlations (shown in Figure 3.9 not only with iron phenotypes but also with the following
phenotypes: locomotor activity under paraoxon in Figure 3.9A (Risinger, Quick, and John
K. Belknap, 2000), locomotion after saline i.p. injection in Figure 3.9B (Cunningham, 1995),

Chapter 3. Effects of Paraquat on Iron, Copper, and Zinc in Ventral Midbrain and
Liver

Figure 3.8: Web QTL representation from metal phenotypes in liver.
Each node represents a gene in the eQTL. Values of Pearson’s r higher than
0.7 are displayed in red; those between 0.5 and 0.7 in orange; Values lower
than -0.7 are in blue; between -0.5 and -0.7 in green.

43

Chapter 3. Effects of Paraquat on Iron, Copper, and Zinc in Ventral Midbrain and
Liver

44

MPTP treatment in Figure 3.9C (Jones, Miller, O’Callaghan, et al., 2013), Il-1β gene expression in prefrontal cortex (PFC) of a mouse model of Gulf War Illness Figure 3.9D (Jones,
Miller, Lu, et al., 2020).

3.4

Discussion

Iron, copper, and zinc are elements whose functions are significant in neurology because
they can undergo reduction oxidation cycling under biological conditions and facilitate the
electron transport necessary for cellular respiration. Their regulation is very strict as they
may produce adverse effects in brain function if they are in excess or in deficiency. Specifically, many enzymes that are vital to life use these metals as cofactors, this is, dynamics in
transition metal pools can modulate protein function and therefore organism health.
While phenotypes can be influenced by multiple genes and environmental factors,
actors for these mechanisms can be sensitive to toxic insults such as paraquat exposure.
Previous work showed that paraquat produces microglial activation within the substantia nigra (Jadavji et al., 2019) and mediates microglial superoxide production that leads to
iron-enhanced dopaminergic cell death in vitro (J. Peng, Stevenson, et al., 2009).Also, evidence points to a link between iron accumulation and mitochondrial dysfunction as early
events in the development of sPD, reviewed by Muñoz et al., 2016).
In this work, genetic mapping of the phenotypes revealed significant quantitative
trait loci (QTL) for iron (Chr 5 @ 24Mb, LOD 4.09). We subjected the significant and suggestive candidate genes from the brain phenotypes to ontological analysis via DAVID functional annotation tool (http://david.abcc.ncifcrf.gov/) for overrepresented gene functions (D. W. Huang, Sherman, and Lempicki, 2009). This revealed distinct gene ontology
categories (p <.05) such as: nervous system development, cellular sodium ion homeostasis, positive regulation of neuron death, telencephalon development, and positive regulation of transcription, DNA-templated. Among the functional terms significantly related
(high similarity score: kappa > 0.65) to positive regulation of neuron death were: dendrite
morphogenesis, axonogenesis, postsynaptic membrane, postsynaptic density, nucleocytoplasmic transport, negative regulation of gene expression, receptor-mediated endocytosis, exocytosis, iron ion homeostasis, iron ion import into cell, neurodegeneration, neuron
apoptotic process, neuromuscular junction, sensory perception of pain, neuron differentiation, regulation of synaptic plasticity, etc.
Whether PQ is a risk factor for sporadic Parkinson’s disease (sPD) is not entirely
settled. sPD is assigned to those cases where the subjects are about 50 years of age and
beyond and it is generally believed that the etiology is related to the interaction between
genes and environment. In contrast, PD occurring in younger individuals is much less
common and more likely to be related primarily to genetics (Papapetropoulos et al., 2007).
Epidemiological studies on the topic are mixed and the animal models show differences
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Figure 3.9: Pearson’s r correlation between eQTL of paraquat effect in
brain (striatum, VTA, and cerebellum) and BXD published phenotypes.
Four BXD central nervous system related phenotypes including: A)
paraoxon organophosphate acetylcholinesterase inhibitor response (0.25
mg/kg ip), B) locomotion from 1-5 min after a single saline i.p. injection for
the control group of males, C) MPTP
(1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) response (12.5 mg/kg sc),
5-HIAA (5-HT metabolite) level in caudate-putamen (striatum) in females
48 h after injection (saline-MPTP group). D) Il-1β expression in prefrontal
cortex 6h after di-isopropyl-flurophosphate (DFP, 4 mg/kg i.p.) and 7 days
of corticosterone (Cort, 20 mg%) treatments in drinking water (Cort+DFP)
in 2-4 month old males and females combined, qrtPCR assay calculated as
delta-delta cycle threshold versus control.
Used with open access permission (CC by 4.0): Sloan et al, (2016),
GeneNetwork: framework for web-based genetics, Journal of Open Source
Software, 1(2), 25, doi:10.21105/joss.00025. Functional access:
https://www.genenetwork.org/
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as well. One important epidemiological study that overcame this difficulty is that of Goldman et al., 2012. In this study, individuals who were identified as null mutants for the
glutathione S-transferase theta-1 gene and exposed to paraquat had more than 5 times the
risk for developing sPD than those who were not mutant and exposed to paraquat.
In terms of susceptibility, previous findings (Yin et al., 2011) indicated that when
treated with PQ, B6 mice showed greater loss of tyrosine hydroxylase-positive neuronal
staining in the substantia nigra, pars compacta than did D2 mice. Moreover, when tested
for PQ-related gene expression differences, B6 mice showed far greater changes in gene
expression than D2. When subjected to ontological analysis, the greater number of genes
showing PQ-related changes in the B6 mice were iron ion binding protein genes. Subsequent work showed that PQ increased iron concentration in the ventral midbrain of B6
mice and not of D2 and that the increase was seen in the ventral midbrain but not the
dorsal striatum. Here, we show that PQ alters iron concentration in the ventral midbrain
with a significant PQ x strain interaction. No such interaction was observed for copper
or zinc. In liver, only zinc was affected in a strain x treatment manner. We did not find
relationships between phenotypes in brain and those in liver concerning to PQ effects on
metals.
The divergence in our results of iron in liver and VMB agree with previous reports
that showed no correlation between ventral midbrain and liver iron content under normal
conditions (Jones, Reed, et al., 2003). Our findings suggest that peripheral regulation of
iron, at least in liver, and in central nervous system is independent at basal conditions and
under paraquat exposure.
In our study time of exposure, sex, age, and diet were constant among groups, our
observations were only dependent on dosage and strain. Metal concentrations were variable across the BXD family and heritability estimates that compare between-strain variance
to within-strain variance demonstrate that part of this variability is attributable to genetic
factors.
Despite the apparent differences in findings both in humans and animal models,
most researchers agree that sPD caused by either PQ exposure or other agents is a complex disease involving several biological systems. In our BXD murine family, we have
shown strain (i.e., genetic) differences in paraquat effects on divalent metal concentrations
in the ventral midbrain, paraquat concentrations and dose-response in cerebellum (proxy
for ventral midbrain), and concentrations in serum and gene expression in cerebellum of
proinflammatory cytokines. Of which, the latter will be shown in the next chapter.
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Chapter 4
Effect of Paraquat on Proinflammatory Cytokines in
Serum and Cerebellum 1

4.1

Introduction

Proinflammatory cytokines are signaling molecules that facilitate cell to cell communication during immune response. They mark the presence of inflammation in the body and
in brain. Pesticides can enhance or suppress the immune system. For example, malathion
exhibits both actions (reviewed in Klaassen, 2008, and carbaryl inhibits LPS-induced cytokine signaling in macrophages (Ohnishi et al., 2008). Paraquat showed immunosuppressive effects in mice through increased expression of metallothionein-1 causing a reduction
of free zinc ions in sera and free intracellular zinc. Also, reduced expression of GATA3, a zinc finger transcription factor important for T-cells and NK cells (J. H. Lim et al.,
2015). We are interested in evaluating the status of neuroinflammation under paraquat exposure. For example, when microglia become overactivated, they can trigger deleterious
effects to dopaminergic neurons by production of cytotoxic factors such as nitric oxide,
prostaglandin E2, and proinflammatory cytokines (Chai and K.-L. Lim, 2013). Therefore,
the proinflammatory cytokines of interest to us were Interleukin 1 beta (IL-1β), Interleukin
6 (IL-6), Tumor necrosis factor (TNF-α), Transforming growth factor beta (TGF-β), and
Monocyte Chemoattractant Protein-1 (MCP-1). We chose the cerebellum because it was
consistent with measurements of paraquat concentrations and VMB tissue was not available after preparation for metals measurement.
1 Portions

of chapter from previously published article. Modified from final submission with permission
from Oxford University Press © 2020. Torres-Rojas, C., Zhuang, D., Jimenez-Carrion, P., Silva, I., O’Callaghan,
J. P., Lu, L., Zhao, W., Mulligan, M., Williams, R.W., & Jones, B. C. (2020). Systems Genetics and Systems
Biology Analysis of Paraquat Neurotoxicity in BXD Recombinant Inbred Mice. Toxicological Sciences, 176(1),
137-146. Doi:10.1093/toxsci/kfaa050
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Materials and Methods
Animals

We used 5-11 mice per strain/treatment from the parental B6 and D2 strains for cytokines
in serum and 2-6 mice per strain/treatment from 26 BXD recombinant inbred strains plus
the parental strains for cytokine expression in cerebellum. All mice were obtained from
the University of Tennessee Health Science Center (UTHSC) vivarium. The mice were
maintained under a constant light–dark cycle (06:00–18:00, on–off rotation), ambient temperature was 21 ± 2 °C, and humidity was 35%. The animals were fed Envigo diet 7912.
They also received tap water ad libitum.
At six months of age, the mice were treated with 1, 5, or 10 mg/kg paraquat dichloride trihydrate i.p. (PQ, product number 36541, Sigma Chemicals, St. Louis, MO), the solutions were made fresh daily in saline and administered once weekly for 3 weeks. Control
mice were fed the same diet and injected (i.p.) with saline. All procedures were approved
by the UTHSC Animal Care and Use Committee.

4.2.2

Procedure for Cytokine Detection in Serum

To quantify the concentration of pro-inflammatory cytokines in the serum, an electrochemiluminescence assay was performed using the Meso Scale Discovery Quick Plex 120
instrument on samples of 50 µl of serum. This instrument uses a sandwich immunoassay method which captures the analyte in question with a precoated antibody and is later
sealed with a detection antibody with an electro chemiluminescent tag. When a current is
applied to the plate, a voltage is created, and the surface of the electrode causes this tag to
emit light. The instrument then measures the light intensity and provides a quantitative
measure of the analyte present in the sample (Meso Scale Discovery, MSD, 2017).
The protocol for the assay followed the guidelines of the MSD Cytokine Assay manual and used the antibodies, diluent, and calibrator provided by the company’s kit:
• The calibrator was prepared using the lyophilized calibrator included in the kit (Calibrator 1) and adding 1,000 µL of Diluent 41. The solution was reconstituted and
inverted three times. After the solution was equilibrated at room temperature for
45 minutes, the standards were prepared using a 4-fold serial dilution to generate 7
calibrators.
• The frozen serum was left to thaw at room temperature for 2 hours and then centrifuged. The samples were diluted with the Diluent 41 in a 2-fold dilution for IL-1β,
IL-6, TNF-α, and in a 4-fold dilution for MCP-1.
• The detection antibody solution was prepared using the 50X stock solution for each
antibody and then adding the Diluent 45 provided by the kit to add up to 3,000 µL.
The wash buffer was prepared using 15 ml of the stock MSD Wash Buffer (20X) and
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285 ml of deionized water. The read buffer was prepared using a 1:1 solution of the
MSD Read Buffer T (4X) and deionized water.
• The microwell plate was washed three times with the MSD Wash Buffer and the
samples were added. The plate was left to incubate shaking at room temperature for
2 hours.
• After incubation, the plate was washed, and the prepared antibody solution was
added. The plate was left to incubate at 2-8 °C overnight.
• The plate was washed, and the Read Buffer T was added to each well. The plate was
analyzed on the MSD instrument.

4.2.3

Procedure for Proinflammatory Cytokine Gene Expression in Cerebellum

The cerebellum tissue was weighed (mean of 24.53 ± 4.68 mg). Samples were prepared
and sent to the CDC/NIOSH Morgantown, WV 26505 (O’Callaghan’s Lab) for Real Time
Polymerase chain reaction. QIAGEN Rneasy Mini Kit 250 (Cat No./ID: 74106) for RNA
isolation was used. For Reverse Transcription of RNA to cDNA for use in Real Time PCR
samples were prepared by adding 4 µg of RNA to RNase free water for a total of 20µl
volume. Preparation of Master Mix 1 was done with 2 µl per sample of Oligo-dt primer
(Thermofisher #18418012) and 2 µl per sample of Dntp mix (Thermofisher #18427088). Was
prepared at least 10 % excess volume to ensure sufficient quantity. Next, 4 µl of Master Mix
1 was added to each sample. Samples were incubated at 65 degrees Celsius for 10 minutes,
placed on ice for 5 minutes and then quickly centrifuged. Master Mix 2 was prepared with
2 µl per sample of SuperScript III (Thermofisher #18080085), 2 µl per sample of Rnase Out
(Thermofisher # 10777019), 8 µl per sample of 5 X first strand buffer (component of Thermofisher #18080085), and 4 µl per sample of DTT (component of Thermofisher #18080085).
At least 10 % excess volume was prepared in order to ensure sufficient quantity. Sixteen
microliters (16 µl) of Master Mix 2 were added per sample. Samples were incubated at 42
degrees Celsius for 2 hours. Then, samples were incubated at 65 degrees for 5 minutes.
Samples were chilled on ice. One hundred sixty microliters (160 µl) of Rnase free water
was added to samples. Storage was in -20 °C freezer.

4.2.4

Real Time PCR (AB 7500) Procedure

cDNA was pre-diluted from reverse transcription. If reverse transcription was 40 µl reaction, 160 µl of RNase free water was added to the cDNA. If not, the following step must be
done first. Prepare Master Mix (45 µl per sample) with the following: 17.5 µl Rnase free water, 2.5 µl of Taqman gene expression assay (Thermofisher #4331182 – primer appropriate
for gene of interest), 25 µl of Taqman Universal Master Mix (Thermofisher #4305719). Prepare at least 10 % extra mix to ensure adequate volume. 5 µl of prediluted Cdna onto Microamp Optical 96 well Reaction Plate (Thermofisher #N8010560) was added. 45 µl of gene
appropriate master mix onto Reaction Plate was added. Plate was covered with Microamp
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Optical 8 cap strips (Thermofisher #4323032). Caps were rolled tight with roller to ensure
wells are all sealed and run the assay. Assay was run in an Applied Biosystems 7500 with
software V2.3. The following primers from Life Technologies were used, Gene (Catalog
number, Assay ID): Gapdh as reference gene (4331182, Mm99999915_g1), Tnf-α (4331182,
Mm00443258_m1), Il-1β (4331182 Mm01336189_m1), Il-6 (4331182, Mm00446190_m1), Lif
(4331182, Mm00434761_m1), Osm (4331182 Mm01193966_m1), Ccl2 (4331182, Mm00441242_m1), Gfap (4331182, Mm01253033_m1).

4.2.5

Mapping Quantitative Trait Loci (QTL)

We performed mapping using Genome-wide Efficient Mixed Model Association algorithm
(GEMMA) in GeneNetwork. We conducted QTL analysis for cerebellar Il-1β, and Lif expression followed by correlation using the GenEx BXD Sal Cerebellum Affy M430 2.0
(Feb13) RMA males database. Range in Mb was defined as 1.5 LOD start and 1.5 LOD
end. Principal component analysis (PCA) was done using GN, these PCA eigenvariables
were saved as phenotypes in GN and were analyzed like other phenotypes. SNP counts
were retrieved from Sanger (Keane et al., 2011; Yalcin et al., 2011, https://www.sanger.
ac.uk/sanger/Mouse_SnpViewer/rel-1303) using the release REL-1303 — GRCm38.

4.2.6

Statistical Analysis and Calculation of Gene Expression Fold Change

Data was inspected with histograms and with 95% confidence intervals by treatment and
strain. All phenotypes measured were evaluated by analysis of variance (ANOVA) for
a 2 between-subjects variables (strain, dose) experiment. We report means and standard
errors of the mean by strain and dose. Pairwise comparisons were done using Tukey’s
HSD. Main effects and interactions were considered statistically significant at α = 0.05.
Fold change was calculated using the delta-delta cycle threshold method versus control
[log2 fold change].

4.3
4.3.1

Results
Effect of Paraquat on Serum Proinflammatory Cytokines

Figures 4.1 and 4.2 show the concentration of proinflammatory cytokines in the serum
from mice treated with different dosages of PQ (Saline or 0, 1, 5, and 10 [mg/kg]). In
Figure 4.1A, we observed a decrease of IL-1β with treatment in D2 mice but not in B6.
ANOVA revealed significant main effects for strain and treatment, and their interaction
F(1,64) =28.214, P<.001; F(3,64) =7.115, P<.001; F(3,64) =5.329, P<.004; respectively. For MCP-1
(Figure 4.1B), B6 mice showed a significant increase of this cytokine if compared with D2
mice under PQ 10 mg/kg dose, and the analysis showed significant main effects for strain,
treatment, and their interaction, F(1,55) =8.941, P<.005; F(3,55) =7.702, P<.001; F(3,55) =5.092,
P<.005; respectively. In Figure 4.2A, we observed an increase in IL-6 with the maximum
dosage of 10 mg/kg, although this was not quantitatively significant. ANOVA revealed
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Figure 4.1: Il-1β and MCP-1 concentrations in serum. A) IL-1β levels in
serum by paraquat dose. B) MCP-1 concentration in serum versus
paraquat dose. Black bars represent B6 and grey bars represent D2 mice.
X-axis lists the PQ dose [mg/kg]. Y-axis shows the cytokine concentration
(pg/ml). ∗ P<.05, a P<.01.

effect of strain F(1,67) =7.443, P<.01, but not for treatment nor their interaction, F(3,67) =1.079,
P<.40, F(3,67) <1, respectively. For TNF-α (Figure 4.2B) there were no significant effects of
strain, treatment, nor their interaction (F<1).

4.3.2

Effect of Paraquat on Proinflammatory Cytokine Expression in Cerebellum

Here we aimed to elucidate the impact of paraquat exposure on brain inflammatory response. Microglia and astrocytes are the predominant immune cells in the central nervous
system; microglia activation and astrogliosis, resulting from immune challenge or neuronal damage, are associated with interleukin IL-1β, IL-6 family, and other inflammatory
molecule production (Farina, Aloisi, and Meinl, 2007; Lampron, ElAli, and Rivest, 2013).
From this fact and from our results in serum, we decided to measure mRNA expression
of cytokines (Il-1β, Lif, Osm, Ccl2, and Tnf-α), and immune cytokine-producing cell markers, specifically astroglial cells that react by rapidly producing more glial fibrillary acidic
protein when other brain or spinal cord cells are injured through trauma or disease (Gfap)
(Guttenplan and Liddelow, 2019). In this experiment we used cerebellar tissue from the
same groups of mice as for paraquat measurement in cerebellum (Chapter 2). (Figure 4.3
and 4.4 present Il-1β and Lif, respectively.

Chapter 4. Effect of Paraquat on Proinflammatory Cytokines in Serum and
Cerebellum

52

Figure 4.2: IL-6 and TNF-α concentrations in serum. A) IL-6 concentration
in serum by paraquat dose. B) TNF-α in serum by paraquat dose. X-axis
lists the paraquat dose (mg/kg). Y-axis shows the cytokine concentration
(pg/ml).

Interleukin 1 beta (Il-1β) is a proinflammatory cytokine essential to cellular defense
and tissue repair, however, in brain this cytokine may have multiple functions like neuromodulation in healthy but also in pathogenic processes (Jackman, Hewett, and Claycomb,
2012). ANOVA revealed a significant main effect for strain (F(43,280) =1.547, P<.03); however, the main effect for PQ and the interaction were not statistically significant (F(2,280) <1,
F(68,280) <1, respectively). Leukemia inhibitory factor (Lif ) belongs to IL6 family and affects
cell differentiation. Moreover, it can protect against amyloid β neurotoxicity (H. J. Lee et
al., 2019). ANOVA revealed a significant main effect of strain F(41,276) =6.268, P<.001, but
not for treatment nor strain X treatment interaction F(2,276) =2.622, P<.08, F(67,276) <1, respectively.
The mapping showed a QTL on Chr9 (118-121.9159 Mb), with LOD of 4.60 at 119.286156 Mb for Il-1β expression in mice treated with 5 mg/kg of PQ, Figure 4.5. Locally cisregulated positional candidates are shown in Table 4.1. Genes whose expression had a
peak LOD [-log(p)] at the location of the gene and were correlated with Il-1β (PQ 5 mg/kg)
phenotype were given higher priority.
We calculated correlations between proinflammatory cytokines expression in cerebellum and all other phenotypes in this project. We obtained significant Pearson’s r productmoment correlations mostly for Il-1β as shown in Table 4.2. For the higher PQ dose, Il-1β
was significantly correlated with the phenotype of iron in VMB under 5 mg/kg dose.
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Figure 4.3: Il-1β gene expression in cerebellum by strain. Values are Log2
fold versus control (CTL). Graphs from left to right are ordered by
paraquat treatment (1, 5, 10 mg/kg).

Figure 4.4: Lif gene expression in cerebellum by strain. Values are Log2
fold versus control (CTL). Graphs from left to right are ordered by
paraquat treatment (1, 5, 10 mg/kg).
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Figure 4.5: Interleukin 1 beta expression in cerebellum of
paraquat-treated mice. Trait 21568, treatment 5 mg/kg i.p. A) Genetic
mapping, N=37. B) Mapping statistics showing locus with max LOD. C)
Histogram of trait frequency distribution. D) Violin plot representing trait
distribution.
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Table 4.1: Locally cis-regulated positional candidates for PQ5 effect on Il-1β
expression in cerebellum.1,2,3
Probe

Description

1436263_at,
Mobp

myelin-associated
oligodendrocytic
basic protein;
distal 3’ UTR

1422128_at,
Rpl14

ribosomal protein L14;
3’ UTR (test Mendelian
9.121)

1
2
3

4
5

Correlation
with
Max Expr
phenotype r, p5

Additive
effect

SNP count4

Location

Max LRS4

136

Chr9:
120.175550

Chr9:
121.797023

-0.542, <.01

10.416

0.124

Chr9:
120.574434

Chr9:
120.315669

0.462, <.03

7.307

-0.448

Not in db

Record ID 21568, Interleukin 1 beta expression in cerebellum of paraquat treated mice (5 mg/kg i.p.).
Genes whose expression had a peak LOD at the location of the gene and were correlated with the phenotype were
given higher priority.
Used with open access permission (CC by 4.0): Sloan et al, (2016), GeneNetwork: framework for web-based genetics,
Journal of Open Source Software, 1(2), 25, doi:10.21105/joss.00025. Functional access: https://www.genenetwork.
org/
LRS: likelihood ratio statistic. SNP count: SNPs relative to C57BL/6J.
Pearson’s r correlations with p-value are reported.

Table 4.2: Significant Pearson’s r product-moment between
proinflammatory cytokines and metal phenotypes.
Trait

Il-1β PQ1

Il-1β PQ1

Il-1β PQ5

Il-1β PQ10

.63**, df=33

Il-1β PQ5

.59**, df=31

Fe VMB PQ5

.45*, df=23

Cu VMB PQ10

.43*, df=21

Zn VMB PQ1

.42*, df=27

PCA Zn VMB

.4*, df=27

Fe liver PQ1
*
**

p<.05
p<.001

Lif PQ1

-.36*, df=33
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Discussion

We observed that paraquat decreased levels of IL-1β and MCP-1 in serum of D2 mice but
not in B6 mice. B6 mice showed a significant increase of MCP-1 if compared with D2
mice under PQ dose of 10 mg/kg. In cerebellum, we only detected two proinflammatory
cytokines Il-1β and Lif. The expression of Il-1β in D2 mice did not show important changes
with treatment as it did in serum. This may converge with previously reported diffused
and not clear immunoreactivity of IL-1β in substantia nigra in PQ-treated groups of adult
male Swiss albino mice, a PD mouse model (Mitra, Chakrabarti, and Bhattacharyya, 2011).
From the genetic mapping, we obtained a QTL in Chr9 for Il-1β. Within this QTL
two genes met our criteria, among these genes we found that Myelin-associated oligodendrocytic basic protein (MOBP) plays a function in myelin sheath maintenance in the
central nervous system. Recently, genome studies related mutation in MOBP with risk
for neurodegeneration. This gene product is also considered a component of Lewy bodies
(LBs). A study by Kon et al., 2019, reported MOBP immunoreactivity in the brainstem,
cingulate cortex, and sympathetic ganglia of patients with Parkinson’s disease and dementia with LBs. No MOBP immunoreactivity was found in patients with other disorders
including AD, progressive supranuclear palsy, corticobasal degeneration, amyotrophic lateral sclerosis, among others. The second gene, Rpl14, encodes a ribosomal protein that is a
component of the 60S subunit. From the comparative toxicogenomic database (A. P. Davis
et al., 2017) we found that this gene was up regulated in rainbow trout hepatocytes after
paraquat exposure (Finne et al., 2007).
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Chapter 5
Effects of Paraquat on Tyrosine Hydroxylase Neurons
in the SNpc of BXD Mice

5.1

Introduction

There are two types of Parkinson’s disease, one is considered familial and the other is
considered sporadic. The cases of genetically linked PD are rare if compared with sPD
(Vila and Przedborski, 2004). Both types of PD share the common manifestation of motor
impairment and the main pathophysiological feature is the selective loss of nigrostriatal
dopamine neurons. The latest is an important clue in the study of such a complex disease
because the dopaminergic system plays a essential role in motor control and cognitive
function (Klein et al., 2019). The characteristics of familial PD are: association with family history of PD (OR=1.613, 95% CI=1.019-2.555) (Angelopoulou et al., 2019), the onset of
symptoms at young age, the occurrence of focal dystonia at onset, and long latency of occurrence of dyskinesia after the start of levodopa treatment (Vibha et al., 2010). In contrast,
sporadic PD is more related to late onset of symptoms and short latency between dyskinesia and levodopa treatment. Moreover, a large twin study did not find evident genetic
component when disease begins after 50 years but did when disease begins at or before 50
years (Tanner et al., 1999). Of interest for our research, paraquat exposure has been related
to late-onset PD or sPD (Ritz et al., 2009).
Both brain iron accumulation during aging and dopaminergic neuron loss exacerbate the neurodegenerative cascade leading to diseases like sPD. However, these hallmarks
of disease start earlier than later and before symptoms can be noted. The symptoms of PD
do not start to show until approximately 80% to 90% of the substantia nigra neurons are
lost. Therefore, we are more interested in evaluating the immediate status of these neurons upon paraquat exposure. Paraquat as an environmental toxicant can interact with an
individual genetic makeup and here, we evaluate the effects of both factors (GenesxEnvironment) on the number of TH-positive neurons in the SNpc in a subgroup of the BXD
panel.
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5.2
5.2.1

Materials and Methods
Animals

Seven BXD strains of male mice (1-10 mice per strain), obtained from the University of
Tennessee Health Science Center, were used in this experiment. The mice were maintained
under a constant light-dark cycle (06:00–18:00, on–off rotation), ambient temperature was
21 ± 2 °C, and humidity was 35%. The animals were fed with a standard diet, Envigo
diet 7912. They also received tap water ad libitum. At six months of age, the mice were
treated with 5 mg/kg paraquat dichloride trihydrate i.p. (PQ, product number 36541,
Sigma Chemicals, St. Louis, MO), the solutions were made fresh daily in saline and administered once weekly for 3 weeks. This PQ dose was sufficient to see accumulation of
paraquat in the brain in this mouse model (Chapter 2). Control mice were fed the same
diet and injected (i.p.) with saline. All procedures were approved by the UTHSC Animal
Care and Use Committee.

5.2.2

Immunohistochemistry

Immediately after sacrifice, mice were perfused with heparanized saline (0.15 M, about 15
ml) followed by fresh cold 4% paraformaldehyde solution (in 0.1 M PB, pH 7.4, about 100
ml). Brains were removed and postfixed in the same fixative solution at 4 °C for 24 h and
then transferred to increasing concentrations of sucrose (10%, 20% and 30%, in 0.1 M PB,
pH 7.4) for 24 h each for cryoprotection. Brains were then frozen in isopentane cooled by
dry ice and stored at –80 °C until sectioning.
The frozen fixed brains were cut using a cryostat (Leica CM–3050–S, chamber temperature –20 °C) into 40 µm serial coronal sections containing the entire SNpc; every fourth
section was free–floating stained. Staining was performed by washing 3 times in PB (0.1 M,
pH7.4). Non-specific binding was blocked by immersion in 1% BSA in 0.1 M PB with 0.3%
triton X-100 at room temperature for 1 hour. Next, 72-h incubation at 4 °C with primary
antibodies for: Tyrosine Hydroxylase (TH), anti–Neuronal nuclei (NeuN, Fox–3, RBFOX3)
which is a nuclear protein expressed in most post–mitotic neurons of the central and peripheral nervous systems, and anti–GFAP to detect TH–positive, Neuronal, and Astrocytes
cells (Guttenplan et al., 2019), respectively. The sections were washed with 0.1 M PB with
0.3% triton X–10 3 times, and then incubated with corresponding secondary conjugated
antibody for 24 h (detailed information in Table 5.1). The DAPI in anti-fade mounting
solution was used as counterstain for nucleus.

5.2.3

Stereology

Images of fluorescence staining for TH+, Neuron, astrocytes cells, and nucleus in the SNpc
were captured by using the tile scanning application equipped in a Zeiss LSM 710 confocal microscope system (Berlin, Germany) at 200X. In total, eight or more images were
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Table 5.1: List of antibodies and conditions for the immunohistochemistry
assay.
Antibody Detailed Information
Antibody Components
1st Antibody
Antigen
Host

GFAP
Chicken
Abcam/Anti-GFAP
polyclonal antibody
Ab4674 (50 µl)
Suggested 1:500

NeuN
Mouse
Cell Signaling NeuN
(E4M5P) Mouse mAb
94403 (100 µl)
Suggested 1:500

TH
Rabbit
Sigma Aldrich/Anti-Tyrosine
Hydroxylase polyclonal antibody
AB152 (100 µl)
Suggested 1:1000

Catalog number/amount
Dilution

Chicken
Goat
Green
Chicken IgY H&L
(Alexa Fluor®488)Preabsorbed
(ab150173)
ab150173/500 µg
1:1000

Mouse
Goat
Pink
Cell Signaling/anti-mouse
IgG(H+L), F(ab’)2 fragment
(Alexa Fluor®647 conjugate)
4410/250 µl
1:1000

Rabbit
Goat
Red
Rabbit IgG H&L
(Alexa Fluor®555)
preabsorbed (ab150086)
ab150086/500 µg
1:1000

Mounting solution with
stain nucleus
Color
Source
Catalog number

Blue
Cell Signaling
8961S/10ml

Source
Catalog number/amount
Dilution
2nd Antibody
Target
Host
Color
Source
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subjected for cell counting for each mouse brain. The area corresponding to SNpc was delimited using the Freehand selections tool in ImageJ. This area was split in three channels
and TH+ neurons were manually counted on the image corresponding to the red channel
using the point tool in ImageJ. The counting was done double blinded by two independent
researchers and similarity was verified with Pearson’s r correlation test (r=.88, P<.05).

5.3

Results

The brain images for cell counting are based on the schematic of the area containing the
SNpc shown in Figure 5.1, the white-dashed area represents the substantia nigra pars compacta marked as SNC (Williams, Williams[Designer], and Capra[Atlas], 1999). Figure 5.2
shows stereological cell counts of SNpc TH-positive (TH+) neurons in PQ-injected mice revealing loss of TH+ neurons in most strains visualized. Strains BXD51 and BXD62 showed
increased VMB iron content and decreased number of TH+ neurons under 5 mg/kg of
PQ if compared with controls. These strains also showed a consistent PQ accumulation in
cerebellum in a dose dependent manner (Chapter 2: Figure 2.1). Strain BXD172 did not
show decreased number of TH+ cells under PQ treatment and this is an example of the
variable susceptibility to PQ exposure in the BXD panel.
Immunofluorescence analyses (Figure 5.3) revealed that PQ treatment reduced TH
staining (lower panel) compared to control (upper panel). Currently, we are counting neuronal and nuclear staining to evaluate if paraquat had selectivity for TH+ neurons in this
study. Figure 5.3, from left to right, shows SNpc area that was delimited for cell counting
and ventral tegmental area that was left outside of the counting, red TH image shows cells
that stained positive for tyrosine hydroxylase, green image shows cells that stained positive for neurons, blue image shows nuclear marker, DAPI, and merged image shows three
color images merged. All images were delimited by the same researcher using similar area
as depicted with a white line.

5.4

Discussion

The ultimate goal of neurotoxicogenetics is the understanding of molecular and biochemical mechanisms underlying individual differences in susceptibility to toxic substances.
In previous chapters, we explored paraquat effects on phenotypes revealing genetic factors through forward genetics. We also showed that paraquat accumulates in the cerebellum (as proxy tissue for ventral midbrain) and produces effects on iron concentration in
a strainXdose dependent manner in a subgroup of the BXD family. Next, in our aim of
evaluating biological markers of paraquat exposure and neurotoxicity we characterized
paraquat effects on dopaminergic neurons in the SNpc by counting the number of THpositive neurons. We found fewer TH-positive neuron counts in the treated groups than
in controls except for one of the strains analyzed together with variable iron concentration
in VMB. In further work, we would need to test more strains to be able to determine the
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Figure 5.1: Coronal section of B6 mouse brain.
Modified with permission from ©1999 RW Williams, design by AG Williams, atlas by T
Capra, in http://www.mbl.org/atlas170/large_label/23.jpg
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Figure 5.2: Quantitative results of SNpc stereological analysis. A)
Counting of TH+ neurons in SNpc of mice treated with 5mg/kg of
paraquat and control mice. Data show variable counting of TH+ neurons
in treatment group compared with controls. B) Variable iron concentration
[Fe] in VMB in the analyzed groups.

strength of the relation. Strains that showed: loss of TH+ neurons in SNpc, increased iron
content in VMB, and a dose response in paraquat accumulation in cerebellum (Figure 2.1),
such as strain BXD62, may be considered more susceptible to paraquat than others with
different tendencies in same phenotypes, as it was the case for strain BXD172.
As we showed in Chapter 3, among the genes obtained from mapping the phenotype of iron under 5 mg/kg dose there are Prkag2, Fastk, and Cdk5. Prkag2 makes the
gamma-2 subunit of the enzyme AMP-activated protein kinase or AMPK, which senses
and responds to energy demand within cells. Knowing this important function, we can
make on logic pathways that lead to cell damage as it was observed in the counts of TH+
neurons in Figure 5.2A. AMPK is activated under muscle contraction and cellular stress.
In the case of muscle contraction, ATP is converted to AMP because of energy demands for
mechanical movement. In the case of cellular stress, e.g. glucose depletion, oxygen levels
decrease and there is no ATP production. This process is key for our model of toxicity because ATP depletion is well represented in the pathway for PD in the Kyoto Encyclopedia
of Genes and Genomes, KEGG (Kanehisa et al., 2019; Kanehisa, 2019). Mitochondrial dysfunction is related to ATP depletion in dopaminergic neurons impeding several processes
such as the ubiquitin pathway. The ubiquitin proteasome system disruption triggers a
general aggregation of proteins like parkin-substrates and alpha-synuclein fibrils leading
to Lewy bodies formation and toxicity. However, these processes are marked with an indirect link or as an unknown reaction in the KEGG pathway for PD.
Another gene we found is the Fas-activated serine/threonine kinase (Fastk). FASTK
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Figure 5.3: Stereological images of TH counting in SNpc. Representative
photomicrographs of a 40-µm-thick SNpc section from a control mouse
(upper panel) and PQ-treated mouse (lower panel) from left to right
immunostained for TH (red), Neuron (green), nuclear counterstain DAPI
(blue), merged images. Scale bar, 200 µm. In the TH image the right
adjacent area corresponds to the ventral tegmental area (VTA) and the
delimited area represents the SNpc. Treatment with 5mg/kg of paraquat
reduced number of TH-positive neurons in BXD51 mice if compared to
control.
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family is implicated in mitochondrial RNA metabolism (Jourdain et al., 2017); therefore,
we can infer that paraquat may be altering mitochondrial translation processes through
altering expression of FASTK family members.
The third gene, Cyclin-dependent kinase 5 (Cdk5), is hyperactivated under cellular
stress conditions. CDK5 modulates the cellular location of the transcription factor FOXO1.
FOXO1 translocation into the nucleus activates proapoptotic gene BIM, leading to neuronal death. Cytoplasmic CDK5, but not its nuclear form, attenuates neuronal death by
inhibiting FOXO1 transcriptional activity (J. Zhou et al., 2015). Likewise, not only the
ubiquitin proteasome system disruption leads to protein accumulation as mentioned before but also CDK5 together with CK1 can phosphorylate parkin leading to its aggregation
and toxicity (Rubio de la Torre et al., 2008).
If PQ is reduced by NADPH oxidase in human microglia and by microglial nitric
oxide synthase in mice and transported into neurons by DAT or Oct3 (Rappold et al., 2011)
it sets the condition for cellular stress, thus ATP depletion and mitochondrial dysfunction. Increasing evidence supports cellular pathways relating to mitochondrial function as
critical in the development of sporadic PD (Park, R. L. Davis, and Sue, 2018).
Further research with our toxicity model would need to investigate Prkag2, Fastk,
and Cdk5 at the protein level considering intracellular iron status in the more and less susceptible strains from this study. This may lead to unravel direct reactions and moreover to
incorporate paraquat as an environmental toxicant in the KEGG pathway of PD as MPTP,
rotenone, and maneb already are.
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Chapter 6
Conclusions and Future Directions

As we demonstrated here, paraquat exerts an effect on iron concentration in VMB and
this is a result of strain X dose. Our results are consistent with but not yet conclusive
that PQ exacerbates iron-related neurodegeneration. Klintworth, Garden, and Xia, 2009
determined that paraquat did not directly activate microglia, nitric oxide and proinflammatory cytokines release in primary cultured microglia from C57BL/6 mouse. Moreover,
Dwyer et al., 2020 reported that microglial depletion did not affect paraquat-induced loss
of dopamine neurons in the substantia nigra pars compacta (SNpc) in a mouse model of
PD. These studies including our own support the idea that PQ does not necessarily activate
microglia but produces other effects that lead to microglial activation. First in the chain, it
must be then PQ internalization to neurons (DA and non-DA) which will generate intracellular redox cycling, ROS, iron dyshomeostasis, and subsequent cell death. This effect will
activate microglia and neuroinflammation exacerbating the negative effects. Neurons in
SNpc are more susceptible likely because they have less mitochondrial density than neurons in the VTA (Liang et al., 2007) which may be a contributing factor for vulnerability to
PQ redox cycling.
Genetic mapping of phenotypes in the brain gave us an interesting group of genes
that have been related to biological processes among which are regulation of telomeric
loop disassembly, telomeric D-loop disassembly, dendrite morphogenesis (Torres-Rojas,
Zhuang, et al., 2020), positive regulation of neuron death, iron ion homeostasis, iron ion
import into cell, and serine/threonine kinase activity. We found relations among our candidate genes, for example, expression of Cdk5 is significantly correlated with expression
of Prkag2 and Fastk (Figure 3.5) probably because their molecular functions are related to
ATP-binding or classified as phosphoproteins. Thus, we can infer that paraquat affects not
only iron regulation but also kinase activity. Future work may also focus on the effect of PQ
on specific metal ion pools of nervous cells exposed to the mean paraquat concentration
that was determined in cerebellum in this study (Figure 2.2).
Recent work by Kim et al., 2019 reported pathologic propagation of α-synuclein
from the gut to the brain. It would be also interesting to explore how chronic exposure to
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paraquat may influence the role of gut signaling in mice at very low PQ concentrations in
drinking water (model of chronic exposure as would be the case in those living on farms).
In a previous study minocycline (a tetracycline antibiotic) showed protection against
PQ-induced dopaminergic cell death in male C57BL/6 mice (Purisai et al., 2007), although
they did not identify if paraquat was the direct cause or if it was because its effects in
other cells with subsequent microglia activation. Biological processes and proteins that we
found affected by paraquat in this work are targets of drugs like minocycline, which in
humans is an IL-1β modulator, matrix metalloproteinase-9 inhibitor, nitric oxide synthase
inducible inhibitor, serine/threonine kinases inhibitor, among others. Experiments with
this kind of drug are useful to validate or discard contributors to disease but these drugs
are not intended for precision medicine. We are more interested in elucidating the most
important targets that lead to neuropathology of sPD and this means defining the genetic
risk to susceptibility.
Following on the nomination of suggestive genes here, currently we are investigating paraquat effects on neuronal injury in substantia nigra in a subset of the BXD panel.
For this we are using neurostereology. Since paraquat targets dopaminergic neurons in
the SNpc (Jadavji et al., 2019; J. Peng, Stevenson, et al., 2009; Yin et al., 2011) we focus
on tyrosine hydroxylase positive neurons (TH+). Damage to these neurons constitutes the
main pathophysiology underlying sPD. It appears that not all individuals are equally susceptible to developing PQ-related sPD. Thus, the approach would be to do an unbiased
quantification of the number of TH+ cells in the SNpc in a subset of the BXD panel exposed to paraquat or saline. This will allow us to compare our metal phenotypes in VMB,
especially iron, with TH+ phenotypes and determine if there is a direct relationship among
them and validate or complement our group of genes already determined in this work.
The model of exposure for this work consisted in acute exposure since we at first
wanted to study variability across the BXD panel. In future work, it would be interesting to
determine if results of acute response can be extrapolated to results of chronic exposure in
order to save time and resources. Regarding the number of strains, results of QTL analysis
in more than 24 strains can be extrapolated to the whole BXD panel like we did in Chapter
3 with eQTL of PQ phenotypes in brain (Record ID 24383 in www.GeneNetwork.org).
The BXD panel permits complete control over the environment. We controlled for
treatment, diet, water, sex, and age. We know that there are important sex differences
in susceptibility to neurotoxicants (Torres-Rojas and Jones, 2018). Accordingly, it would
be interesting to examine the effect of 5 mg/kg of PQ in females of the BXD panel, the
dose that produced the greatest genetic-related variability in iron in the ventral midbrain
(Chapter 3). Genetic mapping from phenotypes to genotype databases revealed eQTL
that we conditioned by linear relationships, or simply put, we gave priority to genes that
were cis-regulated and significantly correlated with the respective phenotype. There may
be additional genes with non-linear relations and trans-regulated that may play a role in
paraquat toxicity. Here is when genome-wide transcriptional analysis and epigenomics
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take place using, for example, RNA-seq and MBD-seq. Epigenomics will lead to identify
methylation of genes in response to PQ under chronic exposure.
As technologies evolve to become more efficient and powerful in interrogating the
genome, we anticipate that new and important insights regarding the genetics of paraquat
effects and its relation to iron regulation and sPD will continue to be uncovered, providing
progressive clarification of pathways underlying sPD pathogenesis that would be of therapeutic value. Our work here showed the heuristic value of systems genetics and systems
biology approach in the complexity of neurotoxicology.
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